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PREFACE 


by 


Professor  A.Ferri 
Program  Committee  Chairman 


As  part  of  the  growing  concern  in  many  developed  countries  with  questions  of  ecology 
and  environment,  aircraft  are  being  heavily  criticized  as  contribi“:ng  a  significant  share  of 
pollution.  Although  the  major  objection  is  to  noise,  obje-ttons  are  also  taised  concerning 
smoke,  fumes,  and  smells  ascribed  to  aircraft.  As  a  result,  work  is  in  progress  to  assess  the 
impact  of  military  and  civil  aviation  on  pollution  levels  by  determining  the  nature  and 
quantifying  the  extent  of  aircraft  produced  pollution  fer  comparison  with  pollution  from 
other  sources.  The  main  areas  of  interest  involved  in  tile  meeting  were: 

(1)  effects  of  pollution  at  very  high  altitudes, 

(2)  effects  of  pollution  near  airports; 

(3)  methods  for  reduction  of  pollutant  production  in  combustion  processes  and 
in  engines. 

Therefore,  the  meeting  covered  both  the  problem  of  pollution  generation,  e:p;  nialiy 
related  to  nitric  oxide,  and  the  problem  of  diffusion.  In  addition  it  discussed  some  of 
the  effects  of  the  production  of  pollutants  in  the  atmospnert. 

The  meeting  included  a  review  of  physiological  effects  due  to  pollutants.  This 
review  was  presented  by  the  Aerospace  Medical  Panel.  The  meeting  concluded  with 
Round  Table  discussions  where  some  of  the  most  important  points  of  the  meeting 
were  reviewed  and  discussed. 


Dans  Se  cadre  des  prebienes  d’ecologie  el  d’environnement  qui  prioccupent  de  fa  ,on 
croissantc  ds  nertibreux  pays  ayant  attein!  un  stadc  avarice  de  devciopp-.-ment,  ics  avions 
font  l'objet  dc  critiques  severes  pour  leur  importante  conlribution  a  !a  pollution.  Rier. 
que,  dans  ce  domaine.  les  objecuons  essentielles  ccncernent  !e  bruit,  elles  engiobent 
Sgalement  la  fumee,  les  vapeurs  et  les  odeurs  emiaes  par  ies  avion*.  Des  travaux  sonl 
done  actucllement  poursuivis  en  vue  d’frvaiuer  I'mipact  tie  1‘aviation,  tant  civile  que 
militaire,  sur  les  niveaux  de  pollution,  cn  determinant  la  nature  des  produits  pollutants 
dmis  par  ies  avions,  et  en  les  quantifiant,  afir.  dc  les  comparer  aux  polluants  emis  par  les 
avior.s,  et  en  Ics  quantifiant,  afin  de  les  comparer  aux  polluants  provenant  d’autres 
sources.  Les  principaux  domaines  d'interet  traiies  a  1’occasion  de  cettc  reunion  Ctaient 
Ics  suivants: 

(1)  les  effets  dc  la'pollution  aux  tris  hautes  altitudes; 

(2)  les  effets  de  la  pollution  au  voisinage  des  airoports; 

(3)  ics  nuithodcs  permettant  de  riduire  la  production  des  polluants  provenant  das 
processus  de  combustion  et  des  motcurs. 

La  reunion  couvrait  done  a  la  fois  1c  probleme  dc  la  production  dc  polluants,  en 
particulie1’  ccux  apparentes  a  l'oxyde  d'n/.ote,  et  celui  dc  leur  diffusion.  En  outre,  y  furent 
cludi*ts  certains  des  effets  de"  la  production  de  polluants  dans  [’atmosphere. 

La  reunion  comprenait  un  bilan  des  effets  physiologiques  dont  les  polliiams  sont 
rtspon-.ablcs,  bilan  qui  fut  presents  par  Ic  Groupe  de  Travail  de  Medecine  Aerospatiale. 

Eile  fut  cldturde  car  une  "table  rondc"  au  cours  de  iaquelle  furent  passes  en  revue  et 
examines  certains  des  points  Ics  plus  important-,  qui  hi  iraii&s. 
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SEDUCTION  OF  NO  FORMATIONS  3Y  PREMIXING 
Antonio  Ferri 

Chairman,  Department  of  Aeronautics  and  Astronautics 
Astor  Professor  of  Aerospace  Sciences 
New  York  University 
Bronx,  New  York  10453 


1.  INTRODUCTION 

The  (xssibility  that  the  exhaust  gases  of  a  large  flee:,  of  future  supersonic  transpoi  t*  (SSV)  could 
ift  substantially  the  equilibrium  of  the  stratosphere  oust  be  proved  to  be  extremely  improvable,  before 
Is  ge  scale  activities  will  be  approved  ir.  the  U.S.A.  for  mass  utilization  of  present  SST's  and  for  the 
■velopacnt  of  future  SST's.  Such  possibilities  have  been  formulated  on  the  basis  of  sound  scientific 
rk  and  therefore  should  not  be  minimized.  Unf  *tunatcly,  the  probability  that  such  effects  will,  or 
will  not  actually  occur  will  not  be  ascertained  ...  the  near  future.  At  the  same  time,  many  decisions 
on  future  activities  of  the  SST  cannot,  be  delayed  for  too  long  a  period,  of  time.  For  this  reason,  it 
appears  important  at  this  time  that  the  total  problem  be  accurately  defined,  taking  into  account  all 
re!  -ant  asp',"-s.  The  purpose  of  the  present  paper  is  to  furnish  information  useful  .for  such  a 
definition. 

Many  argument  have  been  raised  for  and  against  the  SST  related  to  the  effects  of  N0X  on  the  ozone  of 
tb‘  atmosphere.  If  we  move  out  of  the  political  arena,  the  present  situation  can  be  best  summarized 
by  t’e  following  statement  recently  made  by  Professor  H,  Johnston  of  the  University  of  California, 
Berkeley,  "There  is  strong  evidence  that  nitrogen  oxide  from  SST  exhaust  could  seriously  reduce 
stratospheric  c  ne.  But  in  every  case,  the  evidence  can  be  matched  by  a  possibility  that  the  SSI  would 
have  little  or  no  affect."  This  refers,  to  a  large  fleet  of  SST’s  flying  continuously;  therefore,  it 
-efers  to  a  situation  that  wiac  a  few  decades  in  the  future  and  refers  to  present  engine  designs.  In 

.  ,e  preset,  decade,  the  number  of  airpl  .nes  flying  at  supersonic  speed  will  probably  be  substantially 
smaller  than  the  umber  considerea  In  the  si  tidies  related  to  the  effects  of  N0X,  and  the  airplanes  will 
have  small  dimensions.  Therefore,  init.ally ,  che  amount  of  nittic  oxide  produced  will  be  substantially 
smaller  than  the  amount  considered  in  such  studies.  In  addition,  the  possible  introduction  of  new 
experimental  airplanes  on  the  part  of  the  U.S.A.  .n  the  izmidlate  future  will  not  change  the  situation. 
Therefore,  the  initial ’on  of  new  development  programs  by  the  U.S.A.  will  not  have  any  serious  consequence, 
provided  that  a  practical  solution  to  the  problem  will  be  available  within  the  period  required  for  such 
development.  On  this  basis,  a  sound  and  responsible  technical  approach  should  be  as  follows: 

a.  Continue  the  scientific  investigations  related  to  a  better  understanding  of  the  chemical 
processes  and  diffusion  processes  in  the  upper  atmosphere.  In  my  opinion,  such  an  effort 
is  of  basic  importance  because  it  has  a  much  larger  scope  than  .he  present  problem;  therefore, 
independent  of  tfae  SST,  deserves  research  efforts  of  the  same  order  of  magnitude  of  the  efforts 
related  to  deep  space  lnvcstlsati  :8.  Possibly,  tneae  investigations  should  be  organized  on  a 
permanent  basis. 


b.  Develop  methods  for  reducing  substantially  the  amount  of  pollutants  produced  by  future  jet 
engines.  It  hes  beer,  indicated  in  Kefere:  e  1  that  the  amount  of  N0X  produced  by  combustion 
processes  at  conditions  corresponding  to  jets  for  supersonic  airplane  speed  can  be  reduced  by 
orders  of  magnitude  by  generating  a  flame  structure  different  from  the  flame  structure  used  ir. 
present  engines.  Such  a  flame  in  principle  could  be  created  in  practical  engines  provided  that 
different  burners  ore  designed.  The  present  paper  will  enlarge  on  the  point*  made  in  Reference  1, 
and  will  describe  in  more  de.ail  how  the  X0x  production  can  be  reduced  by  orders  of  magnitude  in 
combustion  processes  for  conditions  corresponding  to  the  conditions  required  by  SST  engines, 
provided  that  the  fluid  dynamics  of  the  combustion  process  is  modified.  The  physics  for  intro- 
ducing  such  changes  is  simple  and  understood.  No  i  non  exists  why  such  flames  could  not  be 
u»  'or  cruise  in  an  SST  engine.  On  this  basis,  it  ipcais  logical  tc  w-suoe  that  if  an  effort 
'.it  .  is  direction  parallels  the  effort  mentioned  before  In  upper  atmospheric  physics,  a  good 
possib;  :'v  exists  that  the  problem  of  N0X  can  bb  resolved. 

While  the  design  cf  an  actuac  engine  using  the  combustion  process  described  bclcw  will  icquire  a 
substantial  effor-  and  expensive  development  cycle,  It  appears  logical  lo  assume  that  the  development  of  a 
new  combustion  de-.ign  can  be  a.hieveo  within  the  period  of  several  years,  available  between  now  and 
the  period  when  pioductlon  of  500  large  SST'6  will  be  initiated.  Therefore,  the  possibility  of  unaccept¬ 
able  efforts  due  to  the  NOx  formation  due  to  present  design  as  predicted  today,  should  not  be  a  main 
reason  for  delaying  decisions  on  the  initiation  ;f  SST  prototypes,  provided  that  substantial  efforts  are 
Initiated  in  parallel  toward  the  development  of  new  burner  designs  that  apply  the  principle  described 
below. 


The  problem  related  to  such  a  development  is  extremely  complex;  therefore,  it  is  conceivable  at 
the  fi.st  stage  of  the  effort  that  a  burner  design  be  considered  that  tires  the  new  combustion  flame 
described  below  only  during  supc. sonic  cruise  to  be  generated  In  a  separate  combustion  zone  created  for 
this  purpose,  while  the  existing  burner  concept  is  uscJ  at  lew  sp.cd  for  the  transient  operations.  A 
burner  having  two  sets  of  injector  systems  and  two  sets  of  flame  generators,  is  more  complex  than 
present  designs;  however,  such  an  approach  would  reduce  substantially  the  time  required  for  development 
because  the  buinct:  to  be  developed  using  the  flames  that  produce  low  NC^  during  .ruise  will  be  designed 
for  single  operational  characteristics. 
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t-SCRIPTION  OF  THE  ENGINE  REQUIREMENTS 


Present  engines  to  be  used  for  near  future  SST's  are  turbojet  engines.  The  cycle  requirements  for 
such  engines  are  that  the  temperature  of  the  gases  downstream  of  the  burner  be  as  uniform  as  possible, 
and  be  at  temperatures  that  are  dictated  by  the  turbine  structure  requirements. 

Prevent  engine  technology,  because  of  the  life  requirements  for  t  e  engine,  limits  the  gas  tempera¬ 
tures  of  the  flow  entering  the  turbine  at  cruise  conditions  to  values  that  are  as  low  as  1280°K  (230C“R), 
It  can  tnerefore  be  concluded  that  combustor  designs  capable  of  producing  gases  in  the  1200°  to  1800°K 
range  (320C,’R)  are  practical  for  future  SST  engines  at  cruise.  At  these  tempe  tures,  the  amount  of  NOx 
that  tan  be  generated  in  a  few  milliseconds  is  very  small,  and  on  the  erder  of  10~3  tc  10"^  g/Kg  of 
fuel.  This  value  is  several  orders  of  magnitude  lower  than  the  value  measured  in  present  engines. 

Typical  values  in  present  engines  are  1-3x10*  g/Kg  fuel.  The  reason  for  this  difference  is  due  to  the 
fact  that  in  present  combustor  designs,  the  chemical  reaction  between  fuel  and  c.^dizer  occurs  approxi¬ 
mately  at  stoichiometric  conditions,  then  the  maximum  temperatures  reached  by  the  gas  correspond  to  a 
stoichiometric  mixture  ar.a  are  mu  -h  higher  Than  the  final  inquired  temperature.  The  N0X  formed  at  the 
maximum  temperature  teoaiu.,  Irozsn  during  subsequent  ecu. Tag  due  to  the  mixing  and  therefore  remain  in 
the  gas. 

3.  DESCRIPTION  -  OF  PRESET"  COMBUSTOR  DESIGN 

Piaseut  combustor  designs  are  based  on  combustion  controlled  by  mixing.  The  fuel  is  injected  in 
the  air  th^i  moves  in  fist  combustor  at  lew  speed.  Because  of  the  rapid  reaction  rates  corresponding  to 
the  flame  tor.  cure,  the  neat  release  occurs  rapidly  and  is  close  to  equilibrium  conditions;  then  the 
flame  sheet  -vxcei  pe-jximation  applies.  In  this  mod»l,  the  tlaoe  region  can  be  divided  in  two  regions; 
one  fuel  rich  ctcse  u.  the  fuel  injector,  the  other  oxygon  rich  outside  of  this  region.  The  temperature 
of  the  gas  is  maximum  a*,  the  line  that  divides  the  two  regions  where  the  mixture  is  stoichiometric. 

Here  the  temperature  is  close  to  equilibrium  conditions  for  stoichiometric  mixtures.  Such  temperatures 
depend  on  the  Initial  temperature  of  the  air  before  combustion  and  is  gi.on  in  Fig.  1  as  a  function  of 
the  air  temperature  before  combustion.  The  time  involved  in  the  combustion  prccoss  is  very  short; 
however,  it  is  sufficiently  long  to  permit  formation  of  a  substantial  amount  of  NOx,once  N0X  is 
formed  it  then  remains  frozen  during  cooling.  An  example  or  such  a  flame  is  shown  in  Fig.  2.  Here 
the  fuel  is  injected  at  the  axis  and  air  is  flowing  outside.  Combustion  is  Initiated  near  the  wall 
of  the  jet  by  a  heat  source.  The  fuel  is  a  gas  and  diffuses  in  the  air,  combustion  propagates  downstream, 
and  the  maximum  temperature  reached  locally  Is  of  the  order  of  2300°K  independent  of  the  amount  of  air 
involved  In  the  process  and  therefore  of  the.  final  temperature.  The  comoustion  products  are  diluted 
by  the  excess  air  and  therefore,  are  cooled  cff.  A  schematic  representation  of  the  combustion  process 
taking  place  in  present  type  combustors  is  shown  in  Fig.  3.  Here  the  initial  temperature  of  the  air 
is  assumed  to  be  450°K,  the  fuel  is  burned  first  at  stoichiometric  mixture  and  then  additional  air  is 
added  to  decrease  the  gas  temperature.  Again,  the  fuel  air  combustion  is  initiated  by  a  high  tempera¬ 
ture  source.  The  time  involved  in  cooling  the  ges  from  2400°K  is  extremely  short.  It  must  be  notec 
ihat  all  fuel  crosses  the  high  temperature  region.  These  data  have  been  calculated  taking  into  account 
mixing  and  chemical  reactions. 

The  N0X  formed  in  this  process  is  equal  to  10  g/Kg  of  fuel.  This  "alue  can  be  reduced  by  increasing 
the  speed  of  the  process  or  by  decreasing  the  fuel  air  ratio  In  the  outside  region;  then  lower  maximum 
temperatures  are  obtained.  For  these  conditions,  values  cn  the  order  of  5  to  10  g/Kg  fuel  have  been 
calculated.  These  values  are  in  approximate  agreement  with  the  valuta  measured  in  existing  engines. 

Because  the  maximum  teaperaturc  in  the  flai.e  is  a  function  of  initial  .emperature,  which  depends  on 
the  flight  M3ch  number  and  compression  ratio  across  die  compressor,  the  N0X  ferned  in  this  process  when 
measured  in  grams  of  NO  per  Kg  of  fuel  is  independent  of  the  conditions  of  the  combustion  gases  at  the 
entrance  of  the  tutuine  and  therefore  is  net  a  funct'on  of  the  final  temperature,  but  depends  only  on 
the  initial  temperature,  and  therefore  on  the  flight  Mach  number  and  pressure  ratio  of  the  compressor. 

4.  PREMIXED  FLAMES 


Tne  only  requirement  for  the  combustor  at  cruise  is  to  produce  chemical  reaction  in  air  fuel  mixtures, 
with  average  value  of  the  composition  on  the  order  of  0.3  to  0.5  of  stoichiometric.  Therefore,  the 
high  temperatures  corresponding  to  stoichiometric  mixtures  can  be  avoided,  provided  that  the  combustion 
can  b-_  generated  pnd  sustained  in  the  stream.  Assume,  as  described  in  Reference  1,  th3t  we  prenix  the 
fuel  and  the  air  beioro  combustion,  and  that  the  stoichiometric  fuel  to  air  ratia  in  the  mixture  is 
uniform  and  below  stoichiometric;  however,  sufficient  amount  of  fuel  is  present  so  that  the  flame  can 
be  sustained.  Then  If  wc  ignite  the  mixture  at  one  point,  the  heat  release  due  to  reaction  Is  jsuffi- 
cicntiy  high  to  generate  a  stable  flar.e  that  propagates  to  all  the  mixture.  Because  the  flame  Is  a  heat 
conduction  flame,  in  a  uniformly  premixed  mixture  the  maximum  local  temperature  is  determined  by  initial 
temperatures  and  by  the  local  fuel  to  air  ratio.  Because  t'ne  mixture  is  below  stoichiometric,  the  maxi¬ 
mum  temperature  readied  locally  is  lower  than  in  a  diffusion  typo  flame. 

Recent  analyses  and  laboratory  experiments  indicate  that  sjcb  a  flame  can  be  maintained  in  u  wide 
range  of  pressure,  and  in  mixtures  where  the  fuel  concentration  is  much  lower  than  the  stoichiometric 
value  provided  that  the  flame  is"  initiated  at  a  point.  Results  of  analyses  of  such  flames  arc  shown 
3S  cxoap’es  in  Fiat.  4  and  5.  1'l.gure  4a  gives  the  isotherm-,  of  one  of  the  floats.  The  flame  is  a 
heat  conduction  Fame  in  a  uniform  mixture  of  hydrocarbon  fuel  and  air  (dP4  and  air)  at  a  fuel  to  air 
ratio  capsule  of  producing  a  final  temperature  of  1820°K.  The  Initial  temperature  of  the  mixture  is 
720’X  and  the  static  pressure  is  5760  Ib/ftl,  the  fuel  to  air  ratio  is  0.45  of  stoichiometric.  Such 
conditions  arc  typieux  for  s.-personic  flights  at  M  on  the  order  of  2, and  at  65.000  ft.  altitude.  T.e 
velocity  of  the  mixture  Is  450  ft/sec.  The  flame  is  initiated  lei  xlly  by  a  hot  region  of  the  flow  (a 
pilot)  having  1722*11,  and  moving  at  lower  velocity  2S0  ft/scc.  Th-i  flow  is  axially  syrszetric. 
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The  mass  fraction  of  HO  (Z  of  total  mass)  along  selected  streamlines  is  given  in  Fig.  4'o,  as  a 
function  of  the  distance.  The  curves  arc  defined  by  the  values  of  the  initial  radius  y  at  x  »  0. 

T,.e  NO  formation  occvrs  first  near  the  center  ,then  in  the  outside  region.  The  flame  is  about 
2  ft  long.  There  is  substantial  delay  between  the  station  where  maximum  temperature  is  reached  and 
the  point  where  high  concentration  of  HO  is  present.  The  mass  fraction  of  NO  is  on  the  order  of  2  to  3 
x  10-6  which  corresponds  to  an  emission  index  of  6. 6  x  10"2  g/Kg  fuel. 

One  of  the  most  important  problems  to  be  solved  in  this  type  of  flame  is  related  to  maintaining 
a  stable  flame  across  the  mixture.  Combustion  or  hydrccaibons  and  air  at  values  of  fuel  to  air 
ratio  somewhat  lower  than  the  values  used  in  ’  ig.  4  and  tha  same  initial  temperature  cannot  be  maintained. 
While  if  the  fuel  air  ratio  is  increased  and  therefore  the  final  temperature  is  increased,  then  the  NO 
concentration  increases.  For  example,  if  the  fuel  to  air  ratio  is  on  the  order  of  .024  combustion  cannot 
be  maintained  for  the  given  initial  temperature  selected  while  if  the  value  becomes  ,040  ther.  the  final 
teqerature  reaches  a  value  of  2130°  and  the  NO  indc.c  becomes  2  g/Kg  fuel.  The  amount  of  NO  produced  does 
not  change  if  we  increase  the  Mach  number  of  flight,  or  the  compression  racio  of  the  compressor  provided 
that  we  keep  constant  the  final  temperature.  In  this  type  of  flame,  the  concentration  of  NO  is  independent 
of  initial  temperature  and  only  depends  on  the  final  temperature  and  st.  tic  pressure.  This  characteristic 
is  different  from  the  characteristic  of  diffusion  flames  presently  used  in  engines  where  the  NO  concentra¬ 
tion  depends  only  on  the  initial  temperature,  and  is  independent  of  the  final  temperature  However,  the 
increase  of  initial  temperature  facilitates  the  propagation  of  the  flame. 

Figure  5a  gives  the  isothems  for  a  pretrixed  flams  having  initial  temperature  of  llll'K  and 
10,500  lb/ft^  pressure,  and  reaching  a  final  temperature  of  1850°".  These  conditions  are  typical 
for  an  engine  operating  at  M  *  3.5  at  05,000  ft  altitude.  In  this  case,  the  flame  propagates  faster  and 
else  combustor  length  for  the  conditions  selected  is  approximately  1/2  of  the  combustion  length  required 
for  720“K  Lemperature.  The  fuel  to  air  ratio  for  this  case  corresponds  to  0.3  of  stoichiometric.  The 
mass  formation  of  NO  is  1  x  10*6,  that  corrc-rponds  to  approximately  6  x  10“^  g/Kg  >fuel. 

Many  other  cases  have  been  calculated.  The  results  have  been  summarized  in  Fig.  6  which  gives 
the  grams  of  NO  per  Kg  fuel  as  a  function  of  the  final  temperature. 

This  chart  indicates  that  for  cruise  conditions  corresponding  to  the  engines  required  for  the  SST, 
the  NO  concentration  could  be  reduced  by  two  orders  of  magnitude  with  respect  to  present  engines  using 
the  present  knowledge  of  rate  of  combustion  pra.-esses. 

Unfortunately,  this  direction  which  has  been  proposed  by  the  author  as  early  as  1970  has  not  yet 
been  actively  pursued.  Experiments  of  a  proprietary  nature  performed  by  the  Advanced  Technology 
Laboratories,  Inc.,  have  confirmed  the  analytical  results. 

5.  CONCLUDING  REMARKS 

The  type  of  flame  described  here  has  been  obtained  in  many  laboratory  experiments  and  can  be 
generated  safely  and  with  stable  conditions  on  a  laboratory  scale. 

If  the  concept  of  a  more  complex  burner  design,  where  two  sets  uf  injectors  nre  used  is  acceptable, 
one  of  the  type  used  in  present  engines  to  be  used  at  low  speed  and  during  transients,  and  a  ,i_-ond  that 
incorporates  the  present  concept  to  be  used  only  for  cruise,  then  the  many  objeccions  raised  by 
combustor  designers  related  to  operational  prooerties  of  such  a  flame  at  conditions  different  from 
cruise  arc  eliminated.  The  two  types  of  injectors  increase  the  complexity  of  the  engines;  however, they 
can  probably  be  introduced  in  actual  engine  burners  without  too  large  a  penalty  in  volume  ind  weight,  and 
therefore  will  net  be  noticeable  in  the  airplane's  performance.  On  this  basis,  it  appears  logical 
to  conclude  that  no  sound  reason  presently  exists  in  delaying  the  development  of  the  SST  because  of 
theXO  effects  on  the  ozone  even  If  the  present  estimates  are  proved  valid.  A  sound  scientific  program 
should  enlarge  the  resear  h  of  the  effect  of  upper  atmospheric  pollution  and  in  parallel  should  develop 
burnr  concepts  th.t  use  the  concepts  described  above  in  the  development  of  new  engines  for  SST's 
should  the  po  tibility  of  a  different  burner  design. 
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Discussion  on  Paper  A 
“Reduction  6f  'NO:Foim;)t{ons  by  Premixing” 
presented  by  A.Ferri 

A.E-Fuhs:  .In  your  paper  you  have  outlined  an  excellent,  approach  to  reduce  NO.  However,  does  the  proposed 
combustor  de-'gn  offer  good  combustion  efficiency,  blow  out  limits,  relight  capability,  favorable  volumetric  heat 
-reli’s&se,  lit .?  .  ' 


A-Ferri;  The  loss  in  efficiency  at  high,  temperatures  (high  M  and  high  compression  ratio)  is  due  mainly  to  incom¬ 
plete  mixing.  Then  the  use  of  a  premixed  vaporized  mixture  should  improve  combustion  efficiency. 

In  connection  with  the  second  part  of  the  question  published  experiments  performed  under  my  direction  at 
U.A.S.L.  Indicate  that  It  is  possible  to  bum  at  moderate  piessure  and  at  low  temperature  for  <t>  as  low  as  6.2  - 
03.  In  any  asc.the  premixed  fuel  air  could  be  used  only  at  supersonic  cruise,  as  a  first  step,  while  the  standard 
mixer  system  is  used  for  all  other  conditions. 
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SUMMARY 


This  U  a  review  of  a  United  States  program  to  provide  an  assessment  by  1974  of  the  impact  on  ir.ais,  plant:  and  arumals of 
climatic  chinges  due  So  perturbations  of  the  upper  atmosphere  by  the  propulsion  effluents  of  a  world  high-aititude  aircraft  fleet  as 
projected  to  !990. 


Some  physical  considerations  which  must  be  taken  into  account  in  tins  program  are  described,  including  representations,  of 
the  stratosphere  in  its  unperturbed  state,  of  the  effluents  of  vehicles  expected  tn  1990,  of  the  perturbed  stratosphere  of  1990,  of  the 
perturbed,  troposphere  of  1990  and  2020.  of  the  effects  of  climatic  changes  on  th:  biosphere  and  of  social  and  economic  measures  of 
these  biological  effects. 


This  is  a  review  of  a  United  States  Department  of  Transportation  program  to  provide  an  assessment,  by  1974,  of  the  impact 
on  people,  plants  and  animals  of  climatic  changes  resulting  from  penutbing  the  upper  atmosphere  by  the  propulsion  effluents  of  a 
world  high-altitude  aircraft  fleet  as  projected  to  1990.  The  report  '  the  assessment  has  as  its  principal  purpose  the  provision  of 
answers  to  environmental  questions  concerning  the  operation  of  sujaii  oh.  transports,  for  which  Federal  derisions  will  be  needed  on 
or  before  1974.  While  primarily  ecological  in  its  consideration,  the  report  will  take  into  account  the  possibilities,  via  developing 
technology,  of  remedies  for  the  suggested  problems. 


The  program  of  which  I  speak,  called  the  Department  of  Transportation’s  Climatic  Impact  Assessment  Program,  with 
acronym  “C1AP,”  has  involved  to  date  the  participation  of  56  contractors  for  which  funding  is  about  equally  divided  between 
government  activities,  unr/cnilies.  profit-making  organizations,  and  nonprofit-making  organizations.  There  are  more  than  50 
Bjvemmenl  organizations,  other  than  DOT,  which  are  actively  contributing  pieces  required  for  solution  to  the  problem  Many  of 
these  are  funded  independently  of  DOT  to  achieve  objectives  of  their  several  agencies.  There  is  as  well  an  extensive  in> -.national 
participation,  with  principal  investigators  m  France,  England.  Belgium,  Japan,  Sweden,  Germany.  Switzerland,  Canada,  Australia  and, 
hopefully,  the  USSR  and  India. 


The  schedule  for  the  accomplishment  of  this  work  is  indicated  by  the  data  flow  shown  in  Figure  1 .  It  covers  a  period  of  three 
years  ending  in  1974.  The  work  consists  of  measurements  aloft,  laboratory  chemistry  experiments  and  engine  exhaust  tests,  extensive 
modeling  including  modeling  of  the  aircraft  wakes,  of  the  dispersion  and  transport  in  the  lr.esoscale  stratosphere  and  of  the 
circulation  and  chemistry  of  the  global-scale  stratosphere.  In  addition,  the  work  includes  estimation  of  changes  in  the  tropospheric 
climate,  and  of  impact  on  the  biosphere  and  the  economics  of  the  world.  The  reported  work  will  be  recapitulated  in  a  Report  of 
Findings,  due  by  the  end  of  1974  and  bared  on  appendices  comprising  a  senes  of  six  monographs.  The  six  monographs  are  entitled: 
"The  Natural  Stratosphere  of  1974,”  “The  Engine  Emissions  in  the  Stratosphere  of  1990  A.D.,”  ‘The  Perturbed  Stratosphere  of 
1990  A.D.,”  ’The  Perturbed  Troposphere  of  1990  and  2020  A.D..”  ‘The  Biological  Effects  of  the  Tropospheric  Changes."  and  “The 
Social  and  Cost  Measurements  of  the  Biological  Changes.” 


outline. 


1  will  now  describe  in  reverse  order  the  monograph  treatment  in  terms  of  some  considerations  which  led  to  the  problem 


The  final  outcome  of  the  CIAP  Study  is  concern  d  with  the  socnl  and  economic  costs,  to  be  t ruled  in  Monograph  VI,  as 
listed  in  Table  I.  Included  will  be  analyses  of  economic  imp*  ts  on  agricultural  markets,  forestry  resources  and  fisheries,  expressed  in 
term;  of  direct  costs  to  the  United  States,  of  direct  costs  -,p  the  other  nations,  and  of  secondary  costs  of  employment  changes, 
national  income  changes,  bailee  of  payment  changes  and  trade  flow  changes.  Another  type  of  economic  impact  is  that  on  urban 
resources,  to  be  measured  in  direct  costs.  The  impact  on  human  health  is  to  be  measured  by  direct  costs  as  represented  by  three 
approaches:  defensive  expenses,  hospitalization  oxpenses,  and  Willingness-to-pay  expenses.  The  economic  impact  on  aesthetic 
resources  is  also  measured  as  a  direct  cost,  in  terms  of  willingness-to-pay  expenses  and  representation  by  pictorulcxamples  cf  change. 
Also  to  be  included  in  Monograph  VI  are  the  factors  which  affect  decision  ar  alvsis.  the  uncertainties  of  the  physical,  biological  and 
socioeconomic  considerations.  The  analysis-of-variance  technique  will  be  applied  and  there  will  be  consideration  of  feedback 
relations  as  well  as  remedial  alternatives. 


Monograph  V,  "The  Biological  Effects  of  Tropospheric  Changes,”  describes  biological  impacts  or.  fauna  and  flora.  The 
National  Cancer  Institute  will  conduct  epidemiological  studies  of  the  incidence  of  skin  cancer  in  six  U.S.  cities  to  augment  simiL  r  and 
earlier  studies  in  Australia  and  Ireland.  National  Cancer  Institute  also  expects  to  study  further  the  effects  of  ultraviolet  radiation 
inducing  carcinogenesis  in  mice  Temple  University,  with  the  assistance  of  Donald  Robertson  of  the  Umvcis,iy  of  Queensland,  will 
prepare  instrument*  for  m canning  eiythemal  dosage.  Studies  of  the  effects  of  ultraviolet  radiation  on  insects  and  fish  are 
contemplated  bt.t  have  not  yet  been  defined.  A  rough  indication  of  biological  effects  is  shown  by  preliminary  findings  of  the  Third 
National  Cancel  Survey  of  skin  cancer  which  finds  a  strong  correlation  of  skin  cancer  incidence  with  latitude.  These  results  confirm 
findings  of  surveys  in  Australis  and  elsewhere. 


The  effects  on  flora  of  climatic  changes  in  temperature,  winds,  precipitation  and  ultraviolet  radiation  are  being  studied  by  the 
University  of  Florida  and  Utah  State  University  and  the  U.S.  Department  of  Agricjinire.  These  field  and  laboratory  studies  will 
determine  the  sensitivity  of  representative  food  crops  such  as  com  and  tomato.-,  and  of  trees  and  of  other  vegetation  to  changes  of 
climate.  As  a  beginning  for  parametric  studies,  the  following  changes  in  tne  troposphere  arc  being  examined  for  effect: 


•2*C  <  A  T  <  0.2’C 


-0.16  <  A  iVl/lVl  <  *0.0b 


-0.16  <  A  P/F  <  +0.06 


0.1  <  A  $3070A/?30?0A  <  2.0 


wherein  T  is  mean  temperature,  P  is  mean  precipitation,  V  is  mean  mid¬ 
latitude  wind  speed,  and  $  is' mean  ultraviolet  flux  at  3970A.  Not  yet 
formulated  but  necessary  are  additional  studies  of  effects  of  ultraviolet 
on  plankton. 

The  treatment  of  climatic  change  is  the  topic  of  Monograph  IV, 
"The  Perturbed  Troposphere  of  1990  and  2020  A.D.”  The  stud¬ 
ies  consider  the  effects  felt  immediately  in  the  lower  atmosphere  as 
a  result  of  the  perturbed  stratosphere  of  1990  as  well  as  the  long-term 
effects  felt  after  30  years  of  a  1990  stratosphere.  The  long-term  effects 
arc  felt  more  gradually  because  of  the  large  heat  capacity  of  the  sea 
which  will  slow  the  cooling  ofthe  troposphere  in  response  to  changes  in 
radiative  heating. 

The  studies  rf  the  troposphere  may  be  approached  in  several 
ways.  One  of  these  ways  is  by  the  use  of  numerical  climatic  models; 
another  is  by  the  of  closed  expressions  which  arc  analytical 
in  form.  Both  of  these  arc  to  be  used  in  the  C1AP  approach  As  shown 
in  Figure  .2,  one  of  these,  attributed  to  Mintz,  1961  (Kef.  1  ]  found  that 
the  mean  square  velocity  of  mid-latitude  winds*  varied  by  a  factor  of 
two  between  winter  and  summer  and  that  the  planetary  wave  number 
(that  is  tne  number  of  riodcs  of  the  north,  south  excursions  of  the 
horizontal  waves  of  the  mid-latitude  air  stream)  varies  from  seven  to 
eight  in  the  summer  to  five  and  six  in  the  winter.  These  computations,  approximating  observations,  suggest  ways  in  which  the  climate 
may  be  affected,  illustrated  in  the  sketch.  ‘W  suggests  the  schematic  trajectory  of  winds  in  the  northern  hemisphere  troposphere 
near,  but  south  of,  the  polar  front  in  the  winter  time  under  the  assumption  that  the  shape  is  dominantly  positioned  by  the  persistent 
high-pressure  region  of  continental  Siberia.  “S”  indicates  the  summer  wind  trajectory  having  a  small  shift  of  phase  within  the 
continental  United  States  in  the  summer  time.  Both  the  summci  and  winter  winds,  from  the  standpoint  of  the  United  States,  seem  to 
otiginatc  in  Albcita,  bringing  dty  air  down  from  the  noithwcst  until  the  mean  wind  trajectory  reaches  al  out  Oklahoma.  The 
trajectory  there  turns  toward  the  northeast,  carrying  with  «t  masses  of  moist  tropical  air  dragged  from  the  Gulf  of  Mexico  area 
alternating  with  masses  of  dty  polar  air.  A  consequence  of  this  process  is  that  the  United  States  west  of  the  Mississippi  is  generally 
dry  in  contrast  with  the  United  States  east  of  the  Mississippi,  which  is  humid. 

Possible  effects  of  a  markedly  less  insolation  of  the  troposphere  resulting  from  increased  aerosols  in  the  stratosphere  may  be 
speculated.  As  inferred  from  the  Mintz  study  IRef.  1 1,  the  winds  may  be  weaker,  resulting  from  a  weakened  poleward  temperature 
gradient.  An  extreme  effect  would  be  a  marked  phase  shift  of  the  polar  front  This  may  bring,  as  the  sketch  suggests,  warm  humid  air 
to  the  shores  of  the  Pacific  northwest,  with  polar  dry  air  coming  down.intc  the  eastern  part  of  the  United  States.  If  realized,  such  an 
effect  may  strongly  affect  the  U.S.  dimale  and  similariy,  the  middle  latitude  regions  of  She  world.  Such  speculations  may  be  tested 
by  climatological  simulation. 

Monograph  III  treats  "The  Perturbed  Stratosphere  of  1990.”  This  work  will  be  the  climatological  starting  point  for 
estimation  by  computational  projection  of  changes  in  chemistry  and  transport  in  the  vehicle  wr  v.c,  dispersion  of  effluents  from  the 
flight  trajectory  and  transport  by  global  circulation.  The  output  of  this  monograph,  required  for  subsequent  stages  of  the  study,  to  be 
described  in  Monograph  IV,  includes  new  values  of  the  insolation  at  the  tropoptuse  and  of  the  distribution  of  densities  of  species  and 
light-diffusing  particles. 
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Figure  2.  Implications  of  Climatic  Change  (after  Mini:.  1961 1 Ref  tj) 

As  shown  in  Table  2,  atmospheric  modeling  for  CIAP  considers  each  of  four  regimes  in  which  the  treatment  must  be 
different.  At  the  top  of  Table  2  is  a  representative  differential  equation  of  number  continuity,  which  includes  dynamic  terms 
involving  diffusivity,  mean  winds  and  gradient  of  species  in  one  bracketed  fiame,  the  chemical  production  and  loss  terms  involving 
radiative  effects  as  well  as  nonradiative  kinetic  reactions  in  the  second  bracketed  frame,  and  in  the  third  group  are  the  terms  of  higher 
order  involving  densities,  reaction  coefficients,  velocities,  fluctuations  of  velocities  and  diffusivitics. 

Of  the  regimes  considered,  Regime  1  is  one  in  which  the  dominant  factors  are  the  velocity  of  the  jet  and  the  rapidly  cooling 
temperatures  of  the  jet  after  it  iid/es  the  nozzle.  This  regime  continues  for  about  10  seconds,  during  which  time  the  wake  enlarges  to 
a  cross-sectional  dimension  of  about  1  meter.  In  Regime  11  the  wake  gases  are  at  the  ambient  temperatures  of  the  stratosphere  but  are 
strongly  moved  by  the  vortices  due  to  the  passage  of  the  vehicle.  Regime  II  lasts  until  about  one  thousand  seconds  after  the  gases 
have  left  the  nozzle  exit.  The  dimensions  of  the  wake  at  that  time  are  of  the  order  of  100  metcis  both  horizontally  and  vertically. 
Regime  111  is  influenced  by  the  mesoscalc  motions  of  the  stratosphere.  In  this  regime,  wakes  of  successive  aircraft  passages  have 
cumulative  Tccts,  and  enlarge  to  horizontal  dimensions  of  about  1 ,000  kilometers  and  vertical  dimensions  of  about  1  kilometer.  The 
additive  wake  effects  in  this  scale  become  features  of  a  size  usefully  introduced  into  the  global  models  described  in  Regime  IV  and 
which  are  used  to  define  the  equilibrium  condition  of  the  earth’s  atmosphere.  The  important  terms  of  the  number  continuity 
equation,  listed  at  the  top  of  Table  2,  may  be  established  by  the  criteria  indicated.  The  chemical  reactions,  important  Jor  Regime  I  are 
those  involving  densities  smaller  than  10  times  the  chemical  production  and  less  terms.  Those  important  in  Regime  II  are  those 
involving  densities  smaller  than  10*  times  the  chemical  production  and  loss  terms.  Those  important  in  Regime  III  arc  those  involving 
densities  smaller  than  10s  times  the  chemical  production  and  loss  terms.  By  these  criteria,  all  possible  chemical  reactions  are 
important  in  Regime  IV. 
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The  dynamics  terms  are  important  in  Regime  I  i£  the  density  is  less  than  10  times  the  dot  product  of  the  jet  velocity  and  tire 
density  gradient;  in  Regime  It  if  the  density  is  smaller  thanlO5  times  the  dot  product  of  the  vortex  velocity  and  the  density  gradient, 
and  in  Regime  lil  if  the  density  is  smaller  than  10*  times  a  dot  product  which  takes  into  accoimt  the  diffusivity  as  well  as  the  mean 
velocity.  Higher  -order  terms  are  determined  to  be  important  by  comparable  criteria. 

Indicated  by  acronyms  in  the  lower  box  of  Table  2  are  a  number  of  experimenters  addressing  problems  in  each  of  the  four 
Regimes.  The  participants  also  include  some  engaged  in  the  data  collection.  The  models  of  the  several, regimes  work  in  logical 
sequence  to  provide  estimates  of  the  equilibrium  distribution  of  species  and  particles  in  a  stratosphere  perturbed  by  engine  effluents 
introduced  along  the  routes  of  world  travel  in  the  stratosphere.  Since  many  of  the  problems  have  never  been  modeled  before,  parallel 
efforts  by  several  investigators  in  each  of  the  areas  are  encouraged.  Each  of  several  models  addressing  the  same  regime  problems  may 
illuminate  different  facets  of  the  problem.  A 
composite  picture,  from  all  of  the  modeling 
studies,  rnay  be  the  best  picture  available  in  the 
time  for  this  study. 

In  Figure  3,  H.  Hoshizaki.  -:t  at  1972  [Ret. 

2] ,  is  shown  the  seating  modei  for  the  jet  and 
vortex  regimes  by  which  the  rate  of  dilution  and 
expansion  of  the  g»ses  leaving  the  engine  nozzle 
may  be  estimated.  This  model  is  given  in  terms  of  a 
characteristic  length  based  on  the  wing-span 
dimension  and  a  characteristic  time  .which  a 
function  of  density,  velocity,  wing  span  and  weight 
of  the  vehicle.  The  wakes  in  the  jet  (Regime  1) 
grow  uniformly  in  height  and  width  dimension.  In 
Regime  11,  where  the  effect  of  the  vortex  motion 
dominates,  the  expansion  of  the  ncight  is  much 
more  rapid  than  the  width  which  remains  nearly 
constant.  This  model  of  near-wake  behavior  has 
been  validated  by  comparison  with  a  time  history 
of  f>-52  exhaust  trails  at  41,000  feet,  probably  just 
above  the  tropopause. 

That  the  chemistry  in  Regimes  I  and  Ii 
does  not  materially  change  from  the  distribution 
that  it  had  when  it  left  the  nozzle  exit  is  indicated 
in  Figure  4,  after  Hoshizaki,  ct  al.  1972  [Ref.  2), 
which  shows  the  centerline  concentration  profiles 
of  the  GE-4  secondary  nozzle  and  exhaust  under 
the  condition  that  there  is  zero  CHi  as  the  gases 
leave  the  engine  exit  nozzle.  This  is  the  condition 
of  a  most  efficiently  burning  engine.  The  case  for 
the  afterburning  engine  shows  that  hydrocarbon 
radicals  arc  scavenged  by  water  vapor  radicals,  but 
in  other  respects  the  principal  long-term  stable 
constituents  of  the  exhaust  including  the  nitrogen 
oxides  are  unchanged  for  distances  out  to  24 
meters.'  The  inference  from  these  studies  by 
Hoshizaki,  et  al.  is  that  in  Regimes  1  and  11  the 
chemical  species  arc  not  materially  changed  except 
by  purely  mechanical  dih’,:nn  as  a  consequence  of 
the  expansion  of  the  wak 

In  Regime  Ilf  the  characteristics  of  the 
stratosphere,  the  region  in  which  the  gases  are 
introduced,  are  important  and  dominate  the 
dispersion.  In  Figure  5,  after  Newell,  1969  (Ref. 

3]  ,  is  shown  a  temperature  distribution;  on  the 
left,  the  temperature  is  shown  bv  contours  as  a 
function  of  altitude,  and  on  the  right,  the 
temperature  profile  is  shown  for  tropical  and  polar 
latitudes.  The  figures  on  the  right  illustrate  typical 
flight  altitudes  of  vehicles  like  the  6-747  (about  13 
kilometers),  of  SST  types  like  the  Concorde  (18  to 
20  kilometers),  and  of  the  hypersonic  transports 
(about  35  kilometers).  The  significant  character¬ 
istic  of  the  stratosphere  is  the  large  positive-upward 
temperature  gradient  between-  the  tropopause  at ' 
about  20  kilometers  and  the'stratopause  at  about 
50  kilometers.  This  large  temperature  gradient,  is 
indeed  the  major  factor  which  makes,  the  strato¬ 
sphere  a  collector  of  materials..  The  stratospheric 
lifetime  of  maicrials  may  vary-  from  a  month  to 
yurs  compared  to  the  tropospheric  lifetime  or 
species  which  may  be  as  short  as  days  as  a  conse¬ 
quence  of  rainout.  A  further  chsr  ^’.eristic  of  the 
stratosphere  is  that  the  temperature  gradient  is 
positive  poleward;  the  temperature  varies  from  a 
low  in  the  tropics  to  a  high  at  the  pclcs/Sinne  the 
mean  motion  in  the  stratosphere  moves  from  the 
equator  to  the  poles,  the  stratosphere  behaves  as  a 
refrigerator  by  comparison  with  the  cngine-like 
behavior  of  the  troposphere  below  it,  where  the 
motion  from  the  equator  to  the  poles  moves 
energy  from  the  high-tcmpcraturc  equator  to  the 
low-temperature  poles. 


Figure  3.  Scaling  Model  fur  Jet  and  Vortex  Regimes  (II.  Hoshizaki  et  al  1972 
I  kef.  211 


Figure  4.  Centerline  Concentration  Profiles.  Gh-4  Secoralary  Xozzle  and 
Exhaiat  < Zero  CfU)  (after  H.  Hoshizaki  it  al,  1972 1 Ref  21) 
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Figures.  Temperature  (Stratospheric  Temperature  Gradient  Inhibits  Vertical  Mixing  I  (after  R.K.  Sewell.  1961 
(Ref.  31). 

.  Jn  Figure  6,  after  R.  E.  Newt.il,  1969  [Ref.  31 ,  is  shown  the  mean  zonal  wind  expressed  in  meters  per  second.  Between  20 
and  50  kilometers,  the  winds  have  a  direction  from  west  to  east  in  the  winter  hemisphere,  which  is  the  same  direction  as  the  winds-in 
the  troposphere  below  it;  but  in  the  summer  hemisphere  the  winds  are  from  cast  to  west  oppositely  directed  to  those  in  the 
troposphere  below  it.  This  difference  in  wind  directions  has  an  effect  on  the  rates  of  mixing  of  materials  down  from  the  stratosphere 
into  the  troposphere. 

In  Figure  7,  after  R.  E.  Newell,  1969  [Ref.  Si,  is  shown  the  standard  deviation  of  meridional  wind  components.  Since  the 
meridional  motion  in  the  stratosphere  is  f  stochastic  effect  of  wind  fluctuations,  the  mean  meridional  dispersion  is  proportional  to 
the  wind  variability.  This  measure,  attributed  to  Newell  1969,  indicates  that  in  the  stratosphere  the  meridional  wind  fluctuations  are 
sma'ler  by  factors  of  5  to  10  than  those  which  exist  ir  the  troposplir re. 

In  Figure  8,  alter  R.  E.  Newell,  1969  [Ref.  3] ,  Js  shown  the  ratio  of  the  standard  deviation  of  meridional  winds  !o  standard 
deviation  of  the  vertical  winds,  indicating  that  in  the  stratosphere  the  variability  of  vertical  winds  is  about  three  orders  of  m  ignitude 
smaller  than  the  variability  of  meridional  winds.  The  vertical  transport  of  species  in  the  stratosphere  is  much  smaller  than  that  of  the 
troposphere. 

The  Horizontal  eddy  diffuavitv,  which  is  the  eddy  counterpart  of  molecular  diffusivity,  accounts  for  the  diffusion  of  sources 
of  species,  and  is  a  f  unction  of  the  dimension  of  the  nhcnomcn3.  This  scaling  relationship,  as  described  by  E.  Bauer  1972,  Figure  9 
[Ref.  ,  is  shown  as  a  function  of  mean  '.loud  width.  The  Features  of  dimension  10’  kilometers,  wh:ch  characterize  Regime  IV,  ate 


Figure  6.  Mean  Zonal  Wind  (mfaee)  (after  R.E.  Newell.  1969  IRef.  31) 
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characterized  by  an  eddy ,  diffuavity 
value  of  about  iO”  cm’  sec"5 ;  but  fea¬ 
tures  such  as  the  output  of  Regime  II 
and  input  cf  Regime  L‘i  cf  dimension 
lOC'meters,  are-  characterized  by  a  hori¬ 
zontal  eddy  diffusivHy-  of  about  10s 
cm’  sec4. -These  differences  in  eddy 
diffusivity  must  be  taken  into,  account. 
To  a  large  extent,  the  further  charac¬ 
terizing  of  small-scale  eddy  diffusion  will 
be  developed  from  data  derived  by  Air 
Fdrce  Project  HICAT. 

The  important  chemistry  which 
characterizes  Regime  111,  as  we  now 
understand  it,  involves  about  21  reac¬ 
tions,  as  shown  in  Table  3,  due  to  F. 
Hudson,  1972  [Ref.  5}.  Seven  of  these 
are  reactions  due  tc.phoiotytic  effects 
and  the  remaining  14  are  associative  and 
rearrangement  reactions. 

The  chief  computational  prob¬ 
lems  of  Regime  III  take  into  account 
mesoscale  motions  of  the  stratosphere 
which  arc  little  understood  and  meas¬ 
ured,  arid  compute  rite  superposition  cf 
material  laid  along  the  trajectory  routes 
by  the  successive  flights  of  engines 
expected  to  be  flying  in  1990. 

Monograph  II  appraises  ‘The 
Engine  Effluents  in  the  Stratosphere  of 
1990,”  It  corriden  the  product  of  the 
effluents  from  all  the  individual  engines. 
Taking  into  account  the  numbers  of 
.flights  on  varipus  routes  ar.d  altitudes 
that  such  engines  will  be  flying.  Results 
of  emisrion  tests  of  ‘he  YJ-93-GE-3 
engine  under  stratospheric  conditions  are 
shown  in  Taele  4,  after  A.  K.  Fomcy, 
1972  [Kef.  6],  as  functions  of  altitude 
and  whether  the  engines  are  being  oper¬ 
ated  under  a  so-called  military  power 
setting  or  afterburning.  In  general,  sev¬ 
eral  independent  methods  of  measur¬ 
ing  were  used  and  these  in  general  gtve 
comparable  results. 

In  Figure  10.  after  Rummel, 
:972  [Ref.  7J,  b  shown  one  estimate  of 
SST  relative  flight  density  by  1990. 
Flights  are  projected  for  both  the 
Anglo-French  Cor.cotd?  and  the  Boeing 
SST.  It  is  clear  that  there  is  a  great  varia¬ 
bility  in  estimates  of  engine  outputs  and 


Figure  7.  Standard  Deviation  of  Meridional  Wind  o(v)  (mjscc)  (after  R.E.  Newell.  1969 
l Ref.  3D 


Figure  o.  Ratio  ofStandatd  Denations  of  Meridional  and  Vertical  Winds  of  vt/o(  xv) 
f after  R.E.  Newell.  1969 1’ Ref.  31) 


Figure  9.  Horizontal  " Cdd >  Diffudvity  "  flrfcnd  (tec)  at  a  Function  o'  Mean  Cloud  W~!th  on  (after  E.  Sautr.  1972  h  'ef  Al) 
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¥s *  M 

H02  ♦  NOj  +  H 

S. 

,103  s  hv  02  *  NO 

12. 

03  +  IiO 

•>  02  v  N02  +  hv 

19. 

M205  +  HjO 

-♦  HNOj  +  HN03 

6. 

N205  ♦  hv*  0  »  N02  +  H02 

13. 

0j  +  NO. 

*  02*  02  >  NO 

20. 

OH  +  K02 

-♦  0,  +  HjO 

7. 

KNOj  ♦  hv-»  OH  *  N02 

14. 

03*N02 

♦  C2‘+  n?3 

21. 

OH  v  NOj  ♦  H  -*  HNOj  + 

Tabic  3.  Regime  Ul  Chemistry  (after  F.  Hudson.  i972 1 Ref.  3D 


ALT 

CO 

CO 

NO 

NO 

no2 

NOx 

THC  1 

NDIR-S 

NDIR-L 

CiO 

NDIR 

NDUV 

CIDr 

FID  ! 

0 

^^M'L 

7.2 

jjlj 

3.2 

3.1 

- 

5.6 

0.PT 

o 

Aft 

37.9 

jj|5| 

t.1 

1.6 

- 

4.1 

7.92 

20K 

MIL 

mm 

| 

3.'i  * 

3.4 

- 

5.1 

0.18 

20K  / 
^^'A/8 

3.3 

- 

H£j|| 

2.3 

- 

0.05 

36  K 

MIL 

15.4 

- 

S 

Si 

0.5 

wm 

0.15 

36K 

MIL 

8.7 

10.8 

mm 

ES 

mg 

mm 

0.17 

36K 

^'•'A/B 

37.6 

- 

i.i 

1.6 

- 

2.9 

1.7R 

KB 

5.5 

3.9 

4.1 

- 

6.6 

0.10 

13.4 

- 

1.8 

2.4 

- 

nn 

4.49 

iggii 

10.3 

K9 

ai 

- 

5.5-- 

0.31 

@211 

33.4 

m 

1.7 

- 

- 

32 

7.71 

|C5K^^' 

^"MIL 

3.2 

6.8 

1.8 

12.2 

0.26 

85K 

^-'''A/B 

39.7 

| 

2.8 

2.4 

- 

6.0 

13.3 

2.5 

IBK 

n  nn 

3.8 

0.28 

wm, 

73.0 

1 

1.2 

- 

1.9  J  18.33 
_ 1 _ 

SYMBOLS:  ALT  -ALTITUDE  (N  f:EET 

PS  POWER  SETTING:  MIL  -  MAX  NON  AFTERBURNING:  A/B  »  AFTERBURNING 
NOiR  »  NUN-DISPERSIVE  INFRARED;  -S  -  SHORT  PATH;  -L  -  LONG  PATH 
CIO  =  CHEMILUMINESCENCE  +  CHEMILUMINESCENCE  WFH  THE  TMA1.  CONVERTER 
FID  -  FLAME  IONIZATION  DETECTOR 

NOTE:  ALL  NUMBERS  ARE  EMISSION  INDEXES  IN' POUNDS  PER  1000  POUNDS  OF  FUEL 

BURNED 


Table  4.  YJ93-GE-3  Engine  emissions  Test-Summary  of  Results:  On-Line  Instrumentation 
(after  A.K.  Forney.  1972  fRef  6D 


the  routes  and  frequency  of  travel  over  these  routes  if  one  takes  into  account  uncertainties  in  predicting  the  possibilities  of  future 
development.  As  far  »s  route  travel  predictions  arc  concerned,  the  study  will  establish  a  number  of  route  projections  and  consider  the 
effects  of  the  least  and  the  greatest  of  these.  As  far  as  reductions  of  engine  effluents  at-;  concerned,  performance  of  present-day 
engines  is  considered,  as  well  ar  that  of  engines  with  desirable  characteristics  of  low  nitrogen-oxide  output  being  developed  by 
NASA’s  Lcwj  Laboratory. 


Since  the  CIA?  study  it  projectLg  the  effects  of  a  1 990  fleet  of  vehicles,  it  is  important  that  this  projection  take  into  account 
the  developments  of  the  next  20  years.  With  this  concern  the  projection  of  route  frequencies  is  being  based  primarily  on  the 
demographic  projections  of  the  population  growth  tf  the  world  and  on  the  projections  of  the  gross  domestic  product*  of  the 
countries  oT  the  world.  With  these  taken  into  account,  together  with  the  possibilities  for  technical  development,  the  transportation 
which  would  be  required  using  vehicles  traveling  in  the  stratosphere,  ittain  the  benefits  sf  the  high  velocity  of  travel  or  the  short 
travel  time,  may  be  estimated.  Although  no  travel  distance  smaller  <h.  one  thousand  kilometers  is  considered  in  this  study.-in  all 
likelihood  stratospheric  travel  will  involve  transit  distances  of  many  thousands  of  kilometers,  coupling  the  two  hemispheres  as  well  7S 
the  continents  within  the  northern  hemisphere. 


Also  to  be  taken  into  account  is  the  development  of  new  engines  and  new  aircraft  types.  There  are  developments  currently 
under  way  to  decrease  by  several  orders  of  magnitude  the  nitrogen  oxide  output  of  the  engines  currently  in  use  and  being  tested. 
There  are  also  new  vehicle  types,  to  augment  the  subsonic  vehicles,  which  will  fiy  at  altitudes  of  13  to  IS  kilometers.  There  are  £  IT 
type  aircraft  like  the  Concorde  and  the  TU-144  which  fly  at  about  20  kilometers  altitude.  In  addition,  there  will  be  hypersonic 
transports  which  may  use  ramjet  propulsion  and  ft;  at  between  25  and  35  kilometers  as  well  as  the  beginnings  of  boost-glide  vehicles, 
such  as  are  being  demonstrated  by  the  U.S.  Space  Shuttle,  for  long-haul  transport  of  premium  cargo  such  as  passengers. 


VW»., 


I-?. 


It  will  be  a  particularly  satisfying 
part  of  tire  C1AP  program  to  show  that 
where  present  conventional  designs  pose 
large  ecological  problems  that  there  is 
indeed  a  direction  «>  which  these  prob¬ 
lems  can  be  attacked  and  notably  mini¬ 
mized.  In  th<*  design  of  most  strato¬ 
spheric  vehicles,  minimizirg  untoward 
ecological  effectsmaj  be  fully  as  impor¬ 
tant  as  other  engineering  objectives  such 
as  development  of  high  thrust  for 
engines  or  high  lilt/drag  characteristics 
or  anti-flutter  qualities,  or  whatever. 

Of  course,  the  basis  for  all  the 
studies  must  be  the  present  knowledge 
of  the  stratosphere.  This  is  the  subject  of 
Monograph  I.  ‘The  Natural  Stratosphere 
of  1974."  TIte  natural  stratosphere  ul 
1974  is  a  complicated  chem.ca!  mix  of 
reactive  species  as  partially  illustrated  in 
Figure  11.  This  figure  portrays  the  re¬ 
sults  of  computational  analyses  accom¬ 
plished  by  Bortner  ana  Kumniler  in 
1969  [Ref.  SJ.  Upward  of  about  40 
species  were  taken  into  account  b  .  only 
the  most  important  ones  are  shown  in 
Figure  11.  We  sec  that,  in  general,  the 
total  species  number  density  is  about 
l  O'*  cm"* .  that  water  vapor,  methane, 
and  ozone  comprise  about  one  part  in  a 
million  or  10"  air4,  and  that  nitric 
oxide  and  OH  and  other  radical  species 
arc  of  the  orders  of  one  part  per  billion 
or  even  less. 

In  considering  the  distribution 
of  species  ir.  the  natural  stratosphere,  it 
is  import'int  not  oniy  to  consider  the 
mean  values  based  on  a  computational 
balance  as  in  Figure  11,, but  a>«)  the 
variations.  Figure  12  shows  the  total 
ozone  content  as  a  colon'll  thickness 
expressed  in  units  rf  I0‘*  cm  ozone  at 
STP.  attributed  to  measurements  made 
in  a  Nimbus  satellite  and  reported  by 
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Figure  10.  SST  Estimated  Relative  Flight  Density  be  1990  (Concorde  Plus  U  S.  SS T) 
(after  Rummcl.  1972 1  Ref.  7!) 


i  «}- 

i  I 


\\ 

HJ)  *CH4 


« 


n  vp  io*  <c*  io'°  lo'Z  io’*  io’4  io'»  ie* 

„  !*•"*•<  Omar  lo*,-S) 

Pigure  It.  Dix  light  Atmosphere  Chemistry  (dormer  &  Kummhr,  1969  /Ref.Sl) 
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Figure  12.  Total  Ozone  Content  ( l O'1  cm  STTJ  (C  Prabhakara ,  1971  (Ref.  9() 
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Prabhakara  in  1971  [Ref.  91.  We  ace  that  the. extreme  variation  over  the  world  in  April,  1969  varies  from  about  1.2  to  0.65 
o.  .itimeten  of  ozone  at  STP.  The  cilect  of  this  variation  in  total  ozone  column  is  to  produce  a  variation  in  receipt  of  adiation  ut  the 
cry  Ihcmal-band  (from  2900  to  3000  A)  of  many  orders  of  magnitude. 

The  status  of  our  understanding  of  atmospheric  chemistry  is  shown  in  Table  5,  Harold  Johnston,  et  al.  1972  [Ref.  10!.  On 
this  vhart  are  shown,  the  chemical  reactions  which  are  considered  important  in  the  study  .of  stratospheric  chemistry  and  also  . those 
whici;  are  unimportant,  those,  for  which  working  values  of  reaction  coefficients  are  available  and  those  for  which  values  are  needed. 
By  and  large  the  condition  is  that  the  reaction  rates  which  are  needed,  involving  odd  oxygen,  that  is,  domic  oxygen  and  ozone  are 
well  Known  as  arc  their  distributions  in  the  stratosphere.  Nitric  oxide  rates  are  well  known,  but  its  distribution  in  the  stratosphere  is 
not  known.  The  distributions  of  water  vapor  and  its  radicals  arc  known,  but  their  laboratory  rates  are  not  well  known.  Charts  such  as 
this  one  and  Figure  1 1  constitute  the  basis  for  the  C1AP  working  plan  for  laboraiory  experiments. 

The  distribution  of  many  of  the  specie  of  the  natural  stratosphere  shown  in  Figure  1  i  are  not  known  directly  by 
experimental  observation  in  the. stratosphere.  Most  of  the  values  of  Figure  1 1  are  derived  from  understanding  the  chemical  equilibria 
implied  by  laboratory -measured  pat-meters,  st.atospheuc  distributions  of  only  a  few  of  the  tr-ce  species  are  well  known  by  oirect 
observation.  I!  is  an  objective  of  Cl  \P  to  pleasure  as  many  of  these  as  possible.  A  great  variety  of  test  vehicles,  illustrated  m  Figure 
1 3.  are  used  for  this  objective.  ITiey  include  satellites,  balloons,  high-flying  vehicles  (such  xs  the  Concorde.  WB-57F  and  U-2  aircraft), 
lewer-flying  vehicles  (such  as  MO-135  and  CV-990)  and  ground-based  equipments. 
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Figure  13.  ClAr  In-Situ  Stralospncic  Meamrettseais 


The  variety  of  t><-isurcmcms  which  are  currently  planned  in  C1AP  is  showr.  :n  Table  6  in  an  array  which  show»  horizontally 
the  various  instruments  ar.d  vertically  the  various  vehicles.  A  summary  of  the  measurements  which  have  been  made  appears  in  Table 
7,  “Achievements  of  the  At  nosphcric  Monitoring  and  Experiments  Program  to  January  1975."  All  in.  all.  103  new  measurements 
have  been  accomplished  to  date.  Experimental  results  show  that  water  vapor  has  been  measured  at  about  three  parts  per  million  in 
the  genera!  background  and  at  higher  values  over  thunderstorm  aunts  above  the  tropopausc  and  m  the  mtcrtropicj!  convergence 
zone. 


CIAP  INSTRUMENT  IDENTIFICATION  &  USAGE 
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Table  ft,  CIA  P  AlmaspheJic  Monitoring  and  kxpcnmmis  Svhptogrjnt 


m: 


I.  103Maasurem«nU 
0.  Expwimerrtal  Results 


Value*  irvStritosphere  (20  km) 


Component 

General 

Over  Thurderriorm 

ITCZ 

Measured 

Background 

Anvils  Above 

Tropopause 

1. 

Water  * 

3  ppm 

5  to  7  ppm 

ISppmt?) 

2. 

03* 

N  «  Norma!  Value 

30%>  N 

205f»>N 

3. 

NO 

~0.t  ppb 

4. 

NOj 

22  ppb 

' 

C 

H-fi 

*VVA  -  -L, 

The  *jmult»nw>us  mejjure»nent  of  O3  «w*  H2O 

3 

£h*J  PPO  ^ 

indicetej  *  poihrve  correlation  over  thunder- 

6. 

HN03 

3ppb 

storms  and  ITCZ. 

7. 

Particulate* 

Size 

02  to  1  Micron 

Oenrity 

1  to  S  particle*  cm'1 

Stratification  —  Layering  -  pertinent 


Table  7.  Achiever, tents  ofAM&E  to  January  1973 


Table  8  shows  the  U.S.  Federal  agencies  which  are  coordinating  with  CIAP.  Most  of  these  are  doing  work  important  to  CJAP, 
but  funded  by  the  individual  agencies  for  their  own  purposes.  The  results,  however,  are  essential  to  the  accomplishment  of  CIAP 
objectives.  Mimy  of  the  U.S.  Departments  are  administering  DOT  funds  for  the  accomplishment  of  CIAP  tasks  which  are  deemed 
desirable  by  those  agencies  which  could  not  independently  fund  the  work.  By  and  large  the  total  “greater  CIAP”  effort,  which 
includes  in  addition  to  that  effort  funded  by  the  Department  cf  Transportation  the  additional  effort  funded  by  ether  agencies  of  the 
U.S.  Government,  is  likely  to  exceed  fifty  trillion  dollars  per  year.  In  Table  9  arc  listed  substantial  participants  in  the  C  AP  program 
which  are  not  DOT  funded.  These  include  not  only  other  departments  of  the  U.S.  Government  and  their  activities:  NOAA,  NASA, 
AEC,  NSF,  DoD,  Agriculture,  and  HEW.  but  they  also  include  actr/itiea  abroad:  the  British  Meteorological  Office,  m  France  CNES 
and  Aerospatiale,  in  Belgium  the  lnstitut  d’Aeronomie  and  Japanese  activities  under  the  Ministries  of  Education  and  of Transport. 

The  CIAP  study  must  reaPze  a  “best  effort”  report  in  1974.  An  important  function  of  conferences  such  as  this  one  is  to 
solicit  suggestions  for  the  improv  .ment  of  the  study,  which  in  its  present  form  is  by  no  means  frozen.  Augmentation  cf  the  study  to 
provide  the  needed  answers  is  a  matter  of  urgency.  DOT  invites  and  welcomes  suggestions  and  participation  so  that  the  report  of  the 


AEC 

NSF 

OCD 

OOI 

UVSL 

NCAR 

DNA 

MINES 

HASL 

DDP.&E 

LLL 

US  DA 

AHPA 

HEW 

LBL 

UCAF 

BNL 

N8S 

AEOC 

NIH 

SAND1A 

API 

USPHS 

ANL 

NOAA 

CRL 

AWL 

CEO 

NASA 

ARL 

AWS 

ERL 

ArTAC 

OST 

AMES 

BL 

USN 

LEWIS 

GFDL 

ONR 

NASC 

GODDARD  SFC 

NRL 

GISS 

EPA 

USA 

HUNTSVILLE 

DURHAM 

WHITE  SANDS 

Table  8.  Federal  Agencies  Coordinating  with  CIAP 


•  ffOAAGFOL-Modtisng  of  Global  Circulation  (J.  Mehtman)  and  Climatology  (A  Oou) 

»  NASA  Langley— Future Stratospheric  Propulsion 

•  NASA-Defirmipn  and  ConJxt  ot  Wake  Sampling  E  *  penmen: 

•  ASC-Project  “Arrertzm"  Atmospheric  Sampling 

»  NSF  NCAR-Mcdelmg  ol  Globa!  Circulation 

•  OODRJSAF-R8-S7F  Aircraft  Operation*.  P"WY  Backed 
«  National  Cancer  Inaitute-Sffectt  ot  u.v  on  Skin 

•  USDA-  Climatic  Effect*  on  Flora 

•  British  Meteerotogial  Offiee-Studie*  of  the  StratOR*ere 

•  Fran*  CNES-Samping  of  she  Stratosphere 

•  Befjrum  lnstitut  d*Aetononue-Stud>**  of  tfieStrctoiphere 

•  Japan  Merijtrv  of  Education  {Unit  cf  To>yo,  Nagoyc,  Sendai) -ShKfies  of  the  Stratosphere 

•  Japan  Meteceotogical  Ageocy-BaUoon-fcomeMeasirememi  of  the  Stratosphere 


Table  9.  Other  Substantial  Participants  fiVof  DOT  Funded) 


studjrjn  I974iasy  ha«  toe  in**,  which  are  complete,  comprenensive  and  acceptable  to  the  scientific  community.  Already  a 
eanunihi*  under  the  auspice*  of  *he  National  Academy  of  Sciences  and  National  Academy  of  Engineering  (NAS/NAE)  has  assumed 
an  *4yisbiy  note  for  trie  conduct  of  thjsprogram. 

ift  calendar  year  1972  the  effort  was  primarily  to  get  people  stated.  In  calendar  year  1973  the  primary  focus  will  be  on  the 
assimilation  of  results  of  experiments  and  the  development  of  computational  models  for  the  projection  of  future  changes  in  the 
stratosphere. 

Most  of  the  studies  wDI  have  reports  written  during  this  calendar  year  in  a  way  which  may  provide  a  partial  basis  for  analysis, 
to  be  made  available  for  «  oridwhk  dissemination  in  May  1974.  At  that  time  the  monographs  reviewing  the  studies  in  detail  will  be 
distributed  for  a  varies  of  uses: 

1.  They  w3!  be  used  by  GAP  investigators  as  further  bases  for  analyses  lerding  to  reporta  of  findings. 

2.  They  "-ill  be  technically  reviewed  by  group?  other  than  the  authors. 

3.  They  will  become  a  data  base  for  the  NAS/NAE  summer  study  in  July  1 974. 

4.  They  wili  be  disseminated  abroad  for  the  benefit  of  similar  analyses,  possibly  to  be  undertaken  in  Britain,  France, 
.  Belgium. )  span,  the  USSR,  Auttralia  and  elsewhere. 

in  conclusion  let  rne  jay  first  Shat  our  mode  of  operation  is  to  make  the  study  details  avrikrhle  as  widely  as  may  be  possible  in 
scientific  communities  both  national  and  international.  Second,  the  technical  facts  are  expected  to  clear  the  way  for  world 
acceptance  of  the  conclusions,  whatever  these  may  be.  Third,  the  definition  of  specific  problems  which  may  be  revealed  by  the  CIAP 
program  is  expected  to  provide  a  basis  for  technical  solutions  to  those  problems. 

And  finally,  the  contributions  to  CIAP  of  the  world's  best-qualified  scientists  ate  invited. 

The  U.S.  Department  of  Transportation  desires  that  CIAP  become  regarded  as  "good  science  and  engineering.’'  a  technically 
honest  treatment  of  ccologic  impacts.  It  desires  to  do  this  with  a  constructive  attitude,  pointing  out  directions  to  go  and  ways  of 
Sping  there,  to  do  the  things  the  world  needs  to  have  done  in  ways  that  clearly  recognize  ccolbgic  values. 
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Discussion  on  Paper  1 

‘•Research  Programme  for  High  Altitude  Pollution” 
presented  by  AJ.Grobecker 


P.Goldsmith:  I  note  in  Table  7  of  your  talk  that  you  give  a  value  of  ~  0.1  pp'o  for  the  NO  concentration  in  the 
stratosphere.  Could  you  tell  us  something  of  the  details  of  the  measurement  and  could  you,  or  any  photochemist 
present,  comment  on  the  implication  of  the  value  of  NO  concentration,  taken  together  with  the  22  ppb  found  by 
the  British  NPL  measurements  on  the  C  oncorde  for  NOj,  on  the  current  theories  of  the  role  of  nitrogen  oxides  in 
ozone  photochemistry. 


AJ.Grobecker:  H.Schiff  (Toronto,  Canada)  has  measured  NO  at  about  0.1  ppb  on  two  occasions  since  January 
1973  by  a  chemiluminescent  detector,  balloon  borne  between  altitudes  15  and  23  kilometers. 

C.B.Farmer  has  reported  meas.'ement  by  spect/ometric  technique,  to  find  1.0  ppb  in  NC  135  borne 
experiment  observing  extinction  :■*  sciar  infrared  radiation. 

The  implications  of  these  nu.-ss-.trements  are: 

1.  These  two  technique-.  »‘jve  results  differing  from  each  other  by  an  order  of  magnitude.  On  the  basis  of 
only  one  or  two  experiments,  it  is  too  early  to  prefer  one  technique  over  the  other. 

2.  The  Farmer  data  <  i.O  ppb)  compares  with  modelling  estimates  reported  by  Ackerman  who  used  a 
standard  atmosp'--.  ;e  model  for  computing  the  photochemistry. 

3.  Since  there  is  great  spatial  and  temporal  variability  of  ozone  or  low  stratospheric  altitudes,  similar  variabil¬ 

ity  of  NO  is  also  to  be  expected.  Hence  these  data  of  different  observations  may  be  expected  to  differ 
widely  by  the-.n  selves.  7 

4.  The  results  sirgest  again  the  great  importance  of  the  role  of  the  fluid  dynamics  m  determining  that  the 
chemistry  of  the  lower  stratosphere  may  differ  considerably  from  the  motionless  equilibrium  condition. 

5.  It  seems  uul’kely  that  these  new  measurements  by  themselves  will  introduce  great  change  in  previously 
derived  theories  of  the  role  of  nitrogen  oxide  in  ozone  photochemistry. 


N.Chirier:  In  the  i.nd’-cs  which  you  have  reported,  has  account  been  taken  of  the  ingestion  of  cr-gine  exhaust  into 
the  trailing  voi  te;.  system  in  the  wake  of  the  aircraft.  For  cases  where  engines  arc  close  to  the  wing  tips,  the  hign 
temperature  anr-  tqh  concentration  exhaust  gases  can  be  rapidly  ingested  in  the  core  of  the  trailing  vortex.  Within 
the  vortex,  difF^'.on  rates  are  very'  low  and  the  net  result  could  be  the  formation  of  long  trafis  of  high  temperature 
and  concentration. 


AJ.Grobecker.  rhe  studies  in  behalf  of  ClAP  by  Lockheed  Missile  and  Systems  Corporation,  have  considered  wakes 
generated  by  a  variety  of  engine  and  wing  configurations,  in  flights  :n  the  upper  troposphere.  In  all  of  the  cases, 
the  engine  sAhnust  seems  to  have  been  ingested  into  the  wine-tip  vortices,  within  a  distance  required  for  about  1VJ 
rotations  of  osc  vortices.  Thereafter,  (after  about  two  seconds)  dispersion  occurs  chiefly  dominated  by  diffusion, 
with  minot  contribution  by  forces  due  to  aircraft  induced  motions.  After  about  <10)3  seconds,  only  the  eddy-like 
motions  of  fie  mesoscalc  atmosphere  are  expected  to  disperse  the  constituents  of  the  aircraft  wake. 


Reaction  of  Ozone  with  Nitrogen  Oxides  at  High  Altitudes 
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inorganic  Materials  Research  Division 
Lawrence  Berkeley  Laboratory 
Berkeley,  California  94720 

Abstract 

Ozone  Is  formed  in  the  stratosphere  by  the  dissociation  of  oxygen  by  ultraviolet 
radiation  below  242  na.  Ozone  is  removed  from  the  stratosphere  by  (a)  the  reaction  of 
oxygen  atoms  and  ozone,  (b)  by  transport  to  the  troposphere,  (c)  by  catalytic  reactions 
with  free  radicals  based  on  water,  and  (d)  by  catalytic  reactions  with  the  oxides  of 
nitrogen.  The  most  important  factor  in  the  natural  removal  of  stratospheric  ozone 
appears  to  be  catalytic  cycles  based  on  the  oxides  of  nitrogen.  The  natural  source  of 
nitric  oxide  in  the  stratosphere  has  been  tentatively  identified,  and  the  source  strength 
has  been  calculated  by  three  different  investigators.  There  is  about  a  factor  of  four 
uncertainty  in  the  natural  rate  of  injection  of  nitric  oxide  in  the  stratosphere.  There 
is  about  a  factor  of  four  uncertainty  in  the  calculated  rate  of  introduction  of  nitric 
oxide  in  the  stratosphere  from  full  scale  operation  of  supersonic  transports  of  current 
and  past  designs.  Within  these  two  ranges  of  uncertainty,  S00  supersonic  transports 
would  introduce  nitric  oxide  in  the  stratosphere  at  a  rate  comparable  to  the  known 
natural  sources. 

Introduction 

During  the  period  1930-1960  it  appeared  that  the  global  ozone  balance  could  be 
explained  in  terms  of  the  photochemistry  of  pure,  air  and  in  terms  of  air  motions.  Doubts 
about  che  adequacy  of  this  scheme  became  apparent  in  1961  and  became  compelling  by  1965. 
There  appeared  to  be  a  large  unbalanced  production  of  ozone  when  only  pure  air  photo¬ 
chemistry  and  air  motions  were  considered.  In  efforts  to  explain  this  unbalanced  ozone 
production,  a  set  of  "water  reactions"  was  postulated  in  1966,  and  a  natural  background 
of  the  oxides  of  nitrogen  in  the  stratosphere  was  postulated  in  1970.  This  article 
reviews  the  history  of  these  considerations  of  the  global  ozone  balance  and  gives  a 
current  estimate  of  the  sufficiency  of  pure  air  reactions  including  air  transport  in 
giving  a  global  ozone  balance.  The  relative  importance  of  the  water  reactions  and 
reactions  of  the  oxides  of  nitrogen  is  reviewed,  and  remaining  unknown  factors  are 
discussed.  Natural  sources  and  sinks  of  the  oxides  of  nitrogen  in  the  stratosphere  are 
discussed,  and  the  natural  sources  are  compared  with  the  expected  artificial  source  from 
tht?  exhaust  gases  of  supersonic  transports. 

I.  Unbalanced  Ozone  Production 
A.  History1 

The  basic  photochemioai  theory  of  stratospheric  ozone  was  developed  by  Chapman2  in 
1930.  The  mechanism  involves  two  photochemical  and  two  chemical  reactions.  These 
reactions  and  the  corresponding  rate  relations  are  as  follows; 

(R15  Oj  +  hv  --  C  +  0  R  =  j  j  IOj  J 

(R2)  0  +  02  +  M  *  0.  +  M  R  =  kj [M] lOj] tO] 

(R3)  O  +  hv  -  Oi  +  0  R  =  j  1 10  j } 

(R4)  O  +  Oj  -  02  +  Oi  R  =  k»  [OJ  [0  j  J 

Square  brackets  represent  gas  concentrations,  in  this  report  given  as  molecules  cm->. 

The  rate  constants  k  are  functions  of  temperature.  The  photochemical  coefficients  i  are 
functions  of  incoming  solar  radiation,  solar  angle,  all  overhead  species  that  absorb  the 
chemically  effective  radiation,  and  on  the  molecular  properties  of  oxygen  and  ozone. 

Within  a  few  seconds®,  oxygen  atoms  attain  a  steady-state  with  respect  to  local  ozone 
fO]s  -  jjlOjlAzlOaJlM]  (1) 

If -the  stratosphere  were  static,  ozone  would  attain  a  photochen _cal  steady-state 
concentration 


The  mean  time  for  attaining  this  steady  state  is 


These  relaxation  times  are  a  few  hours  at  45  km,  a  few  days  at  35  km,  a  few  months  at 
25  km,  and  many  years  at  15  km.  In  the  lower  stratosphere,  air  motions  are  much  faster 
than  the  photochemical  equilibration  rates.  A  comparison  of  observed  ozone  concentrations 


with  calculated  vortical  3teady-state  profiles  indicates  that  much  of  the  ozone  at  and 
below  20  km  was  brought  there  by  vertical  components  of  air  motions  rather  than  being 
produced  there  by  photochemistry.  A  comparison  of  observed  ozone  at  high  latitudes  with 
the  quantities  calculated  from  a  static  photochemical  model  shows  that  much  of  the  ozone 
in  polar  regions  was  brought  there  by  horizontal  components  of  air  motion. 

Purina  the  period  1930-60,  it  appeared  that  the  Chapman  photochemical  mechanism 
plus  considerations  of  air  transport  gave  a  satisfactory  global  balance  between  ozone 
production  and  destruction.  The  rate  constants  kj  and  k«,  had  been  measured  ir.  the 
laboratory  in  the  1930s s.  The  cross  sections  a  Tor  ligKt  absorption 

-d  ini  *  a [A] dL  (4) 

for  Oz  (Oi)  and  for  Oj  (a})  had  also  been  obtained  from  laboratory  measurements.  In 
early  years  of  the  Chapman  model,  the  solar  intensity  above  the  atmosphere  was  calculated 
from  the  Planck  radiation  equation  and  a  temperature  for  the  surface  of  the  sun.  During 
the  1950’s  and  early  1960's,  new  values  of  the  rate  constants  kj  and  k*  were  obtained. 

The.  actual  distribution  of  solar  radiation  above  the  atmosphere  was  obtained  from  rocket 
flights. 

In  1961  Putsch’  pointed  out  that  there  appeared  to  be  a  discrepancy  between  global 
observed  ozone  and  the  amount  calculated  from  the  Chapman  model  with  the  new  data  for 
rate  constants  and  solar  intensity.  Putsch  said  that  one  should  wait  until  the  laboratory 
work  was  confirmed  or  not,  and  he  advised  ozone  scientists  to  keep  an  eye  on  the  developing 
field. 


Between  1960  and  1965,  there  were  major  advances  in  the  laboratory  with  respect  to 
reactions  of  oxygen  atoms,  oxygen  molecules,  and  ozone,  including  the  effect  of  excited 
electronic  states  of  .oxygen  atoms  and  molecules.  By  1965  the  discrepancy  between  the 
predictions  of  the  Chapman  mechanism  and  the  observed  patterns  of  ozone  had  become  so. 
great  that  Hunt*  presented. a  strong  case  for  "The  Need  for  a  Modified  Photochemical 
Theory,  of  the  Ozonosphere" .  At  first.  Hunt  assumed  that  excited  electronic  states  of  O 
and  0*  might  account  for  the  discrepancy,  but  he  showed  these  reactions  to  be  far  too 
slow.  Next,  Hunt  discussed  the  reactions  of  free  radicals  based  on  water  (H,  HO,  HOQ) , 
abbreviated  H0X.  He  examined  two  reactions  that,  although  never  observed  directly,  had 
been  discussed  in  ozone  photochemistry 

(R5)  HO  +  Os'-  HOO  +  02  (5) 

(R6)  HOO  +  Oj  HO  +  02  +  02 


net:  20*  •*  30j 

Hunt  pointed  out  that  if  k5  were  as  large  as  5x10“”  cm5  molecule-1  sec-1  and  if  kt  were 
as  large  as  10“  **  cm’  molecule-1  sec-1,  then  this  catalytic  chain  reaction  would  be 
adequate  to  explain  the  apparently  unbalanced  production  of  ozone.  Intensive  laboratory 
studies  of  these  reactions  have  been  underway.  The  first  direct  measurements1 »*  reactions 
5  and  .6  were  reported  late  in  1972,  and  the  observed  rate  constants  are  substantially 
less  than  the  values  required  by  Hiint.  It  appears  that  the  water  reactions  are  inadequate 
to  account,  for  the  observed  ozone  in  the  stratosphere,  although  these  reactions  are 
inport ant  in  the  upper  stratosphere  (above  40  km) .  The  role  of  HQX  free  radicals  has 
been  the  subject  of  several  recent  reviews.7 

A  very  careful  analysis  of  the  problem  of  unbalanced  ozone  production  was  given  by 
Brewer  and  Wilson*  in  1968.  They  asked  if  the  ozone  balance  could  be  reconciled  within 
the  combined  uncertainties  in  solar  intensity,  in  values  of  the  rate  constants  for  both 
the  Chapman  reactions  and  the  water  reactions,  and  in  the  magnitude  of  atmospheric 
notions.  They  concluded  that  a  global  ozone  balance  could  be  found  within  the  framework 
of  the  accumulated  uncertainties,  but  they  were  not  satisfied  with  the  pattern  of  air 
notions  that  was  replied.  Also  the  rate  constants  for  the  Chapman  reactions  that  Brewer 
and  Wilson  used  are  not  consistent  with  present-day  values.  With  current  values  of  the 
appropriate  constants,  one  concludes  that  the  Chapman  reactions  plus  the  water  reactions 
are  inadequate  to  account  for  the  chemistry  of  ozone  in  the  stratosphere. 

The  occurrence  cf  oxides  of  nitrogen,  NO  and  HO*,  (abbreviated  as  N0X)  in  the 
stratosphere  has  been  discussed  by  Sicolet*  since  1945.  Although  no  direct  measurements 
of  these  species  in  the  stratosphere  had  been  made  until  very  recently,  Nicolet  has 
discussed  the  many  reactions  that  they  can  undergo.  He  estimated  (in  1965)  that  the 
order  of  magnitude  of  NOx  in  the  stratosphere  is  about  one  or  so  parts  per  billion  bs 
volume  (parts  in  10*,  ppb),  Ozone,  on  the  other  hand,  is  typically  1  to  10  parts  per 
million  in  the  stratosphere.  Because  of  this  great  discrepancy  in  amount  of  N0X  and 
ozone,  it  did  not  appear  to  Hunt  in  JD66  that  N0X  would  be  important  in  the  stratospheric 
ozone  balance.  Two  other  lines  of  development,  however,  lead  to  a  different  conclusion. 

During  1956-67,  Johnston10  prepared  a  critical  review  of  all  available  published 
laboratory  studies  of  ozone  chemical  kinetics  and  photochemistry,  going  back  to  1900. 

Much  of  the  early  data  showed  satisfactory  precision,  but  very  large  discrepancies  from 
one  investigator* to  another.  Such  discrepancies  were  traced  to  catalytic  destruction 
of  ozone  by  certain  surfaces,  by  catalytic  cycles  based  on  the  water  reactions,  and  by 
several  c«i*-alytic  cycles  based  on  the  oxides  of  nitrogen .  This  review  was  the  immediate 
background  of  the  proposal11  made  in  1971  that  oxides  cl  nitrogen  in  the  stratosphere 
would  be  very  active  in  the  ozone  balance,  even  if  present  at  only  0.1  per  cent  of  the 
ozone  itself. 
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In  1968  and  1969  Murcray,  Murcray,  Kyle,  and  Williams18  reported  the  direct 
observation  of  substantial  amounts  (about  3  ppb)  of  nitric  acid  vapor,  HNOj,  in  the 
stratosphere.  In  tlie  stratosphere  nitric  acid  is,  to  some  extent,  broken  down  to  the 
active  oxides  of.  nitrogen,  NO*  and  HO,  by  sunlight  and  by  active  free  radicals  such  as 
HO.  Crutzen18  reasoned  that  if  nitric  acid  vapor  is  present  ir.  the  stratosphere,  then 
the  active  oxides  of  nitrogen  would  be  expected  in  comparable  amounts,  and  he  proposed 
the  following  catalytic  cycle  to  rectify  the  unbalanced  production  of  o2one 

(R7)  NO  +  0-,  4  NOj  +  02  (6) 

J- 

(R8)  N02  +  0  I  NO  +  Oi 

net!  Oj  +  0  *  02  +  Oi  . 

The  combined  effect  of  reactions  7  and  8  is  the  same  as  the  direct  effect  of  reaction  4 
in  the  Chapman  mechanism.  At  a  typical  stratospheric  tenper  i.ture,  however,  the  rate 
constant  for  reaction  8  is  10,000  times  greater  than  that  for  reaction  4. 

B.  Current  Status 


A  special  computation  was  designed  for  the  purpose  of  testing  the  sufficiency  of 
the  Chapman  mechanism  plus  air  transport  in  accounting  for  the  global  ozone  balance.14 
This  computational  procedure  does  not  use  the  steady-state  assumption  for  ozone.  The 
computational  procedure  is  indicated  by  Figure  1.  We  start  with  measured,  average 
distributions  of  ozone  (for  example,  Figure  3)  and  with  standard  distributions  of 
temperature  (for  example.  Figure  2).  As  indicated  in  Figure  1,  a  planar  wave  of  sunlight 
(Figure  4,  in  part)  impinges  on  the  spherical  earth.  The  grid  of  elevation,  longitude, 
and  latitude  gives  43000  volume  elements.  The  flux  of  sunlight  for  each  nanometer 
wavelength'  above  190  nm  is  calculated  in  each  volume  element.  The  various  orientations 
of  the  earth  give  rise  to  all  hours  of  the  Cny  at  one  point  in  time.  The  steady-state 
concentration  of  oxygen  atoms  (Equation  3 )  is  calculated  in  each  volume  element.  The 
instantaneous  rate  of  eacn  elementary  reaction,  1-4,  is  evaluated  in  each  volume  element. 
At  a  given  elevation  ’.:<d  latitude,  the  rates  of  the  elementary  reactions  are  averaged 
over  longitude  to  give  zonal  averages  of  various  rates,  which  are  illustrated  by  figures 
analogous  to  Figure  2  or  3.  Further  integration  over  elevation  from  the  tropopause  to 
45  km  givas  vertical  column  rates,  and  integration  of  column  rates  over  latitude  gives 
global  stratospheric  rates. 


This  computation  has  a  narrow  purpose,  and  in  this  way  it  avoids  some  of  the 
complexities  of  atmospheric  motions  that  are  faced  by  more  general  analyses.  The 
transport  of  ozone  from  one  part  of  the  stratosphere  to  another  would  cancel  out  in  this 
computation,  which  sums  over  the  entire  stratosphere.  The  volume  integral  of  the 
transport  of  ozone  over  the  entire  stratosphere  is  simply  the  flux  of  ozone  across  the 
boundaries.  The  flux  of  ozone  across  the  tropopause  has  been  evaluated  by  several 
different  investigators 158  ,  and  the  flux  ozone  across  the  stratopause  in  that  region  of 
photochemical  steady  state  is  not  important.  Sample  results  are  given  in  Table  1. 


Figure  2.  Zonal  average,  standard 
temperature  distribution  for  March  22. 
H.L.  Crutcher,  "Temperature  and 
humidity  in  the  troposphere"  World 
Survey  of  Climatology.  VoluraeT, " 
edited  5y  D.F,  Rex.  El3evier  Publishing 
Company,  Amsterdam-Eondbn-New  York, 
pp.  45-83;  Handbook  of  Geophysics,  1960. 
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Figure  3.  Zonal  average  standard  ozone 
distribution  for  March*22.  Diitsch,  ref.  1; 
F.S.  Johnson,  J.B.  Purcell,  and  R.  Tousey, 
Rocket  Exploration  of  the  Upper  Atmosphere, 
Pergamon  Press,  London ,  pp.  189-199 ,  19547 


Figure  4.  Intensity  of  solar  radiation 
above  the  atmosphere.  [  M.  Ackerman, 

D.  Frimout,  and  R.  Pastlel,  Ciel  et  Terre , 

84,  408  (1968) ;  ©  R.M.  Bonnet,  Space 
Research  8,  458  (1968);  | — I  C.R.  Datwiller, 
D.L.  Garrett,  J.D.  Purcell,  and  R.  Tousey, 

Ann.  Geoohys.  17,  9  (1961)  average  value  used; 
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Table  1.  Instantaneous,  global  rates  in  the  ozone  balance  (rates  in  units  of 
10* *  molecules  sec-’) 

Global  reaction  rates 


Jan.  15 

March  22 

Gross  rate  Oj  formation 

500 

486 

Transport  to  troposphere  (ref.  8) 

-6 

-6 

Chemical  loss  (Chapman) 

-85 

-89 

Unbalanced  ozone  production 

408 

391 

Approximately  80  per  cent  of  the  ozone  produced  from  sunlight  fails  to  1  i  balanced  by 
the  Chapman  mechanism  and  by  transport  to  the  tropopavse.  This  large  unbalance  between 
ozone  production  and  destruction  by  Chapman  reactions  as  given  in  Table  1  is  based  or 
the  central  values  of  a  number  of  experimental  quantities.  The  experimental  quantities 
have  a  range  of  uncertainty,  and  one  naturally  asks  whether  the  calculated  unbalance  of 
ozone  can  be  due  to  experimental  error  in  the  rate  constants  or  in  other  data.  To 

examine  this  question,  we  deliberately  varied  the  input  data  for  one  variable  at  a  time 

by  various  arbitrary  factors  and  repeated  the  ent-re  calculation.  It  was  found  that  the 
Chapman  reactions  plus  transport  could  give  a  global  ozone  balance  for  each  of  the 
following  highly  perturbed  conditions: 

1.  The  intensity  of  radiation  above  the  atmosphere  at  wavelengths  below  300  nm  is 

reduced  by  a  factor  of  five  (note  the  heavy  line  in  Figure  4) . 

2.  The  ozone  vertical  profile  retains  its  same  shape  but  Is  displaced  upward  by 

4-f  kilometers  ever  the  entire  globe. 

3.  The  absolute  temperature  is  increased  >y  50°K  everywhere. 

4.  The  cross  section  oj  for  radiation  absorption  by  oxygen  is  decreased  by  a  factor 
of  five  (note  the  heavy  line  in  Figure  6). 

5.  The  cross  section  c?j  for  radiation  absorption  by  ozone  is  increased  by  a  factor 
of  five  (note  the  heavy  line  in  Figure  5). 

6.  The  rate  constant  k*  is  decreased  by  a  factor  of  five  (note  the  heavy  line  in 
Figure  8) . 

7.  The  rate  constant  k*  is  increased  by  a  factor  of  five  (note  the  heavy  line  in 
Figure  7) . 

The  primary  data  for  the  five  quantities,  IQ,  Os,  0j,  kj,  and  kk  are  presented  in 
Figures  4-8.  The  central  curve  drawn  through  the  points  corresponds  to  the  values  used 
to  obtain  Table  X.  The  heavy  curve  offset  from  the  experimental  data  corresponds  to  how 
far  one  must  go  from  the  experimental  data  in  order  to  force  an  agreement  between  ozone 
formation  and  destruction  in  terms  of  jthe  Chapman  mechanism  alone.  The  results  in  Table 
1  are  derived  from  the  data  given  by  Figures  2-8.  We  have  underway  a  "Monte  Carlo" 
calculation  that  combines  in  a  random  way  the  errors  from  the  various  component  quantities. 
Although  these  calculations  are  not  yet  complete,  we  are  beginning  to  get  an  estimate  of 
the  standard  deviation  of  the  unbalanced  ozone  production  from  the  combined  effect  of 
several  sources  of  error.  I t  appears  improbable  that  the  unbalanced  ozone  production 
shown  in  Table  1  is  due  to  exoerimentsl  error  in  the  component  quantities. 


Figure  5.  Ultraviolet  radiation  absorption 
eross  section  for  ozone-  with  experimental 
points,  a  curve  through  the  experimental 
points,  and  a  curve  displaced  from  the  points. 
E.C.Y.  Inn  and  Y.  Tanaka,  J.  Opt.  Soc.  Amer. 

43,  870  (1953);  A.G.  Hearn,  Proc.  Phys.  Soc. 

23,  932  (1961);  E.  Vigroux,  "Contribution  ¥  l' 
etude  exo^rimentale  de  •£’  ozone,  Hasson  et  Cie, 
Paris  (1952). 
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Figure  7.  Rate  constants  for  the  reaction 
0  +  Oi  ~  Oz  +  02.  D.D.  Davis,  W.  Wong,  J. 
Lephardt . ,  in  press  (1973);  J.D.  HcCrumb  and 
F.  Kaufman,  J.  Chem.  Phys .  52,  1270  (1972)^; 
W.M.  Jones  and  N.  Davidson,  J.  Am.  Chen.  Soc. 
84,  2868  (1962);  D,  Garvin,  J.  Am.  Chem.  Soc. 
76,  1523  (1954);  S.  John,  2.~Ano:g.  Chem. 

48,  260  (1906). 
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Figure  6.  Ultraviolet  radiation  absorption 
cross  section  for  molecular  oxygen. 
Shardanand,  Phys.  Rev.  186,  5  (1969); 

R.W.  Di.tchburn  and  P.A.  Young,  J.  Atm. 

Terr.  Phys .  24,  127  (1961);  M.  Ogawa, 

J.  Chem.  Phys?  54,  2550  (1971). 
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Figure  3.  Sate  constants  for  the  reaction 
0  +  Oj  t  M  *  0,  4  M.  R.E.  Huie,  J.T.  Herron, 
and  D.D.  Davis,  J.  Phys.  Chem.  7§,  2653 
(1972);  F.  Stuhl- and  H.  Niki,  J.  Chem.  Phys. 
2§,  3943  (1971);  H.  Hippier  ancf  J.  Troe, 

Ber.  Bunsenges.  Phys.  Chem.  75,  27  (1971); 

F.  Kaufman  and  J.R.  Kelso,  J.  Chem.  Phys . 

46,  4541  (1967);  H.S.  Johnston,  4 Gas  Phase 
Reaction  Kinetics  of  Neutral  Oxygen  Species" 
NSRDS-N3S-20  (1968) . 
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It  is  instructive  to  examine  in  detail  some  of  the  data,  which  integrated  to 

give  the  results  of  Table  1.  Figure  9  gives  contour  lines  for  the  concentration  of 
oxygen  atoms.  This  figure  il'  .str&tas  that  the  stratosphere  is  not  a  uniform  region, 
but  it  is  strongly  stratifiea.  02one  is  destroyed  by  oxygen  atoms  both  by  reaction  4 
and  reaction  8.  The  stratosphere  at  60#N  and  12  km,  for  example,  ha3  an  average  oxygen 
atom  concentration  of  about  10"  "molecules  cm-5.  It  is,  chemically  speaking,  a  totally 
different  region  from  the  sunlit  stratosphere  at  20  km  where  the  oxygen  atom  concentration 
is  about  10c  molecules  cm-5.  Reaction  8  is  vanishingly  slew  where  the  concentration  of 
oxygen  atoms  is  10"  cm“s,  but  it  occurs  at  a  significant  rate  if  [0]  is  10s  and  [NO* 3  is 
above  10’  molecule0  This  discussion  pertains  to  the  flight  of  regular  jet  planes 

in  the  polar  stratosphere  as  comparer  to  supersonic  transports  in  the  stratosphere  at 
20  km.  With  respect  to  rate  of  destruction  of  ozone,  flights  at  20  km  are  about  100  fold 
worse  than  the  sane  flight  at  12  km,  even  though  both  flights  are  "in  the  stratosphere". 

Figure  10  gives  the  race  of  photolysis  of  oxygen  as  2onal  averages.  If  these  rates 
are  multiplied  by  two,  they  give  the  gross  rate  of  production  of  ozone  from  sunlight. 

If  ozone  production  persisted  at  each  point  at  the  rate  given  in  Figure  10  for  one  year, 
the  ozone  concentration  would  build  up  to  a  value  in  molecules  cm-3  that  is  6 *10 7  greater 
than  the  value  given  ir>  'gure  10.  For  the  contour  10s  (written  as  E5>  the  concentration 
of  ozone  produced  in  <  .jar  would  build  up  to  the  maximum  concentration  of  ozonp 

(compare  Figure  3)  it  entire  stratosphere.  This  ozone  production  rate  dips  belcw 
19  km  in  the  tropical  region  and  is  about  24  km  at  the  summer  pole.  Downward  and 
horizontal  air  motions  are  dominant  in  setting  the  distribution  of  ozone  in  the  lower 
stratosphere1,  but  there  is  also  a  substantial  amount  of  photochemical  ozone  production 
down  to  20  km  in  the  equatorial  and  summer  temperate  zones. 

The  rate  of  destruction  of  ozone  by  means  of  the  Chapman  reaction,  O  +  03  *  0*  +  02, 
is  given  by  Figure  11  for  a  standard  January  15. 

The  difference  between  ozone  production  (2j}[023)  and  destruction  (2k,[0][Oj]> 
according  to  the  Chapman  mechanism  is  given  by  Figure  12.  This  unbalanced  ozone 
production  is  4*10 3 1  molecules  sec-1  on  a  global  basis  (Table  1).  The  global  inventory 
of  stratospheric  ozone  is  about  4x10s7  molecules.  If  tr.e  unbalanced  production  of  ozone 
given  by  the  Chapman  mechanism  persisted  for  10s  seconds  (or  about  12  day-.) ,  it  would 
double  the  world's  inventory  of  ozone.  Clearly,  there  must  be  some  powerful  mechanism 
•for  ozone  destruction  other  than  the  Chapman  reactions. 

V'”  *  » 

Table  1  and  Figure  12  provide  very  strong  evidence  that  the  Chapman  mechanism  and 
air  transport  are  insufficient  to  account  for  the  present  quantity  and  distribution  of 
global  ozone.  "Something  else"  in  the  stratosphere  must  be  very  important  in  the 
natural  ozone  balance.  *\t  present,  it  appears  that  this  "something  else"  is  the  oxides 
of  nitrogen  or  the  oxides  of  nitrogen  plus  the  free  radicals  based  on  water. 

IT.  Reactions  of  the  Oxides  of  >’xfcrogen 

A.  The  NOj  Catalytic  Cycle1 1 • 1 5 • 1 ’ 

The  most  important  reactions  of  the  oxides  of  nitrogen  with  ozone  are  believed  to 
involve  the  three  reactions 


(R7) 

NO  +  Oj  » 

no2  +  02 

(ref.  16) 

<R8) 

NO*  +  0  - 

NO  +  02 

(ref.  17) 

<R9) 

i:o2  ^  hv  • 

*  NO  +  0 

(ret.  18) 

The  rate  cons  mts  for  these  reactions  have  oeen  obtained  repeatedly  in  the  laboratory, 
including  studies  at  stratospheric  temperatures  and  pressures.  There  is  reasonably 
good  agreement  between  different  investigators  of  these  reactions.  The  reactions 
combine  in  two  different  competing  cyclic  processes.  The  catalytic  cycle  for  ozone 
destruction  is 

(R7)  NO  +  Oj  -  NO*  +0*  (6) 

(R8)  NOj  +  0  -  NO  +  02 

net:  Oj  +  0  -  02  +  02 
There  is  a  parallel  "do  nothing"  cycle 


(R7) 

NO  +  Oj  t  N02  + 

o2 

(7) 

(K9) 

NOj  +  hv  -  NO  + 

0 

* 

(R2) 

0  +  02  +  M  *  O* 

->  M 

net:  r.o  chemical  reaction 

The  rate  of  destruction  of  ozone  with  the  oxides  of  nitrogen  relative  to  the  rate  in 
"pure  air“  (that  is,  the  Chapman  model),  is  defined  as  the  "catalytic  ratio",  p.  The 
catalytic  ratio113  may  be  expressed  r  -her  in  terms  of  the  variables  N02  and  0}  or  the 
variables  NO  and  0.  These  expressions  are 

rate  of  ozone  destruction  with  NOv 
p  *  rate  of  ozone  destruction  in  pure  «Tr 


=  1  +  ks [N02 ]/kk [Oil 


(8) 
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(RIO)  NO*  +  Oj  ND,  +  Oj  (IX) 

<RU)  NO,  +  hv  NO  +  Oi  (day) 

(R7)  NO  +  0,  -  NO,  +  02 

nets  20,  +  hv  -*•  20*  (day) 

The  radiation  involved  here  is  red  light,  which  is  abundant  at  ail  elevations.  This 
reaction  goes  In  another  direct- 'on  at  night  (including  the  polar  night; 

(RIO)  N02  +  Oj  ■>  NO,  +  02 
(R12 NOj  +  NO,M-r  KjOs  (night) 

A  few  per  cent  of  the  NO*  is  converted  to  NjO,  in  one  night.  The  reactions  of  NjOs  during 
the  next  day  are  not  well  characterized,  and  the  net  effect  of  the  reaction  at  night 
cannot  be  stated  at  this  time. 

The  rate  of  reaction  10  has  been  studied  only  near  room  temperature,  and  the  extra¬ 
polation  to  stratospheric  temperatures  is  uncertain.  However,  the  extrapolated  values 
indicate  the  NO,  catalytic  cycle  to  destroy  ozone  faster  than  the  NO,  catalytic  cycle 
below  22  km.  and  in  the  temperate  region  where  the  temperature  is  at  least  220°K. 

C.  Nitric  Acid  Vapor 

Nitric  acid  vapor  is  formed  from  the  combination  of  hydroxyl  radicals  and  nitpogen 
dioxide.  It  is  destroyed  by  photolysis  and  by  reaction  with  hydroxyl  radicals. 


(R13) 

HO  + 

NO*  5  HNO, 

(ref.  21) 

(R14) 

HNO, 

+  hv  ■»  HO  +  NO  2 

(ref.  22) 

f  ?15) 

HO  + 

HNO,  -  H20  +  NO, 

(ref.  23) 

The  steady- 

stare 

ratio  of  nitrogen 

dioxide  to  nitric  acid  is 

=  m  *  rnrnr  (12) 

The  half-time  to  approach  the  steady-state  is 

T  =  £n2/ (k , ,  [HO]  +  k.sfHO]  +  j,J  (13) 

Although  these  rate  constants  are  not  accurately  known,  they  are  well-enough  known  for 
order  of  magnitude  calculations  to  be  made.  Near  20  km,  k.,  is  about  10"12,  k,s  is 
about  10“ 1 3 ,  and  j  j v  is  about  10“6  sec"1.  Thus  the  ratio  of  N02  to  HNO,  is  approximately 

(wo7t)s  3  °-i  +  W)  (14) 

If  hydroxyl  radicals  are  less  than  10c  malecules  cm'1,  nitrogen  dioxide  will  exceed  nitric 
acid;  and  the  half  time,  determined  by  the  photolysis  rate,  is  about  one  week.  If  the 
hydroxyl  radicals  are  107  molecules  cra"s,  nitrogen  dioxide  is  about  one-fifth  the  nitric 
acid,  and  the  half-time  is  lass  than  a  day.  Although  the  constants  kSJ,  j,,.,  and  k,s  are 
not  firmly  established,  it  appears  that  the  ratio  of  N02  to  HNO,  is  about  F.1  at  15  km, 
about  1  at  25  km,  and  substantially  larger  than  1  above  35  km.  At  all  elevations,  the 
half-time  to  establish  the  steady  state  between  N02  and  NO,  appears  to  be  two  weeks  or 
less.  Thus  it  can  be  seen  that  nitric  acid  is  a  significant  reservoir  or  temporary  sink 
for  the  active  oxides  of  nitrogen.  In  the  lowest  stratosphere  nitric  acid  predominates 
over  nitrogen  dioxide,  and  the  eddy  diffusion  of  nitric  acid  into  the  troposphere  where 
it  is  rained  out  is  presumably  a  major  loss  process  for  stratospheric  N0X. 

D,  Effect  of  N0~  on  the  Unbalanced  Ozone  Production 

Tue  concentration  and  distribution  of  N0X  in  the  stratosphere  is  not  knot-  to 
test  the  sensitivity  of  the  global  ozone  balance  to  stratospheric  N0X,  we  arbit  arily 
assumed1 *  a  range  of  possible  amounts  of  N0X  in  the  stratosphere  and  repeated  , 
calculations  leading  to  Table  1.  For  a  constant  concentration  of.  4.4xios  molecules  cm"3 
of  N0X  throughout  the  stratosphere,  the  unbalanced  ozone  production  given  by  Table  1  is 
turned  into  a  global  balance  for  standard  conditions  of  January  15,  It  required 
4.2x10s  to  produce  a  global  ozone  balance  as  of  March  22. 

Figure  15  presents  the  ratio  of  the  rate  of  ozone  production  to  the  rate  of  ozone 
destruction,  based  on  the  Chapman  model  and  the  present  actual  distribution  of  ozone. 

Over  most  of  the  stratosphere  ozone  appears  to  be  formed  at  least  three  times  f  iter 
than  it  is  being  destroyed.  In  part  of  the  tropical  stratosphere  ozone  is  being  formed 
photochemically  a  thousand  times  faster  than  it  is  being  destroyed  by  the  pure-air 
reactions.  It  seems  exceedingly  improbable  that  stratospheric  ozone  would  have  assumed 
its  present  distribution  if  it  is  subject  to  such  unbalanced  production  rates  as  i; 
given  by  this  figure. 

With  4.2x10s  molecules  cm”3  of  N0X  added  throughout  the  atmosphere,  the  ratio  of 
ozone  formation  to  ozone  destruction  is  chtvsged  from  Figure  15  to  Figure  16.  In  Figure 
16,  it  can  be  seen  that  this  addition  of  NO;;  brings  the  entire  atmosphere  below  45  km 
within  20  per  cent  of  photochemical  equilibrium.  The  large  local  imbalances  shown  by 
Figure  15  are  smoothed  out  almost  entirely.  In  the  ozor.e  "source  region"  above  30  km. 
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Figure  13.  ‘ins  ratio  of  the  rate  of 
photochemical  ozone  formation  to  its  rate 
of  destruction  according  to  the  Chapman 
mechanism,  j > f02 ]/k» [O] [0 j] .  March  22, 
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Figure  15.  The  same  as  Figure  15  but  with 
4.2*10*  molecules  cm”1  of  N0X  added  through¬ 
out  the  atmosphere. 


the  excess  rate  of  ozone  production  to  ozone  destruction  is  a  matter  of  10  per  cent,  not 
the  factor  of  10  given  by  the  Chapman  mechanism. 

At  this  time  we  have  only  a  single  report  of  -  Ustribution  of  NOx  in  the  stratosphere 
and  it  extends  only  to  28  km.  Ackerman  and  Muller  interpreted  their  own  balloon  data 
and  those  of  Goldman  et  al.*s  Their  reported  conce  ltiono  of  N0X  were  about  SxlO*  at 
15  km,  2*10’  at  20  km,  3xT0*  at  25  km,  and  3*10*  moi..  les  cm~*  at *28  km.  Our  assumed 
uniform  concentration  of  4.2*10*  molecules  cm"5  is  consistent  with  Ackerman's  values. 

On  the  other  hand,  it  is  demonstrated  here  that  N0X  concentrations  comparable  to  those 
observed  (15  to  30  km)  are  very  potent  catalysts  for  ozone  destruction. 


The  conclusion  to  this  section  is  that  the  oxides  of  nitrogen  are  now  a  very  active 
component  of  the  stratosphere  and  are  of  major  importance  in  the  present  ozone  balance. 
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E.  Comparison  of  Rates  of  Photochemical  Destruction  of  Ozone  from  Various 
Mechanisms 

To  carry  through  calculations  of  the  relative  rate  of  ozone  destruction  by  the 
various  mechanisms  (Ox,  HO*/  and  N0X) ,  one  must  have  data  that  is  not  yet  available: 
the  distribution  of  NO*  in  the  stratosphere  and  rate  constants  for  HOx  reactions, 
including  k*  and  kt.  The  Climatic  I,spact  Assessment  Program  of  the  U.S.  Department  of 
Transportation  is  currently  engaged  in  obtaining  these  numbers.  By  use  of  Park  and 
London's2*  estimate  of  the  NOx  background  in  the  natural  stratosphere  and  by  use  new,  not 
yet  published* »*  values  for  ks  and  ks,  we  can  estimate  which  mechanisms  predominate  at 
various  elevations  for  45°  latitude  and  the  spring,  equinox.  V?ith  these  current  data 
(which  may  change  daring  the  next  few  months)  it  appears  that  the  predominant  photo¬ 
chemical  mechanisms  for  ozone  destruction  are: 

15  to  20  km,  the  NOj  catalytic  cycle 
20  to  40  km,  the  NOi  catalytic  cycle 
40  to  45  km,  NO2 ,  HOx,  and  Ox  mechanisms 

about  equal 

above  45  km,  the  H0X  reactions. 

It  appears  that  between  15  and  35  km,  the  oxides  of  nitrogen  are  by  far  the  most 
important  agent  for  maintaining  the  natural  ozone  balance. 

F.  Natural  Sources  and  Sinks  ot-  NOx  in  the  Stratosphere 

Nitric  oxide  is  produced  high  above  the  stratosphere  from  the  photolysis  of  diatomic 
nitrogen.  As  this  nitric  oxide  is  transported  down  below  whore  nitrogen  is  photolyzed, 
it  is  subject  to  the  reactions 

.  JR16)  NO  +  hv  *  N  +  0  (ref.  27)  -~ 

(R17)  N  +  Oi  *  NO  +  O  (ref.  28) 

(R13)  N  +  Cj  -*  NO  +  02 

(R19)  N  +  NO  *  N*  +  O  (ref.  28)  - 

The  destruction  of  nitric  oxide  by  reaction  16. is  reversed  by  reactions  17  and  18,  but 
the  destruction  is  reinforced  by  reaction  19.  The  net  effect  is  a  destruction  of  nitric 
oxide  wherever  reaction  16  can  occur,  but  at  a  rate  ltss  than  reaction  16  itself. 

Brasseur  and  Cieslik27  have  identified  this  mechanism  as  ar.  important  sink  fox'  nitric 
oxide  at  the  top  Or  the  stratosphere. 

The  natural  production  of  nitric  oxide.  (NO)  from  nitrous  oxide  (NsO)  in  the 
stratosphere  has  tentatively  been  identified  as  the  most  important  source  of  stratospheric 
NOx.  Crutzeo 1 ’  appears  to  be  the  first  one  to  identify  this,  natural  source  c£ 
stratospheric  N0X-  Bactex  a  in  the  soil  and  perhaps  in  surface  ocean  waters  produce  a 
small  amount  of  nitrous  oxide  as  a  byproduct  of  the  nitrogen  cycle.  Unlike  NO  and  NO2, 
nitrous  oxide  is  inert  in  the  troposphere.  It  has  a  natural  background  of  about  0.25 
parts  per  million  in  the  troposphere,  and  this  value  decreases  rapidly  in  the  lower 
stratosphere.  In  the  eddy  diffusion  processes  between  the  troposphere  and  stratosphere, 
nitrous  oxide  diffuses  upward  in  eleven" on  and  down  its  mole  fraction  gradient  into  the 
stratosphere.  In  the  stratosphere  roost  of  the  nitrous  oxide  is  photolyzed 

(R2Q)  NjO  +  hv  +  Mj  +  0 

but  about  10  per  cent  of  it  reacts  with  singlet  oxygen  stems ,  which  are  produced  by 
short  wavelength  photolysis  of  ozone 

(Rpl)  Oj  +  hv  (below  310  nm)  -*02  +  0(3E) 

(R22)  O^D)  +  M  ♦  M  +  0  (stable) 

(R23)  0(lD)  +  N20  -f  Nj>,  +  C2 

(R2.4)  0(lD)  +  N?.0  -  NO  +  NO 

Crutzen57  estimated  that  the  flux  of  NO  into  the  stratosphere  from  this  source  was 
between  0. 3*10*  and  1.5x10*  molecules  era-2  sec“:.  This  mechanism  for  nitric  oxide 
production  in  the  stratosphere  has  also  been  analyzed  by  Nicoiet  and  Peetermans2*  and 
by  McElroy  and  McConnell.  0  The  results  of  the  three  investigations  are  summarized  in 
Table  2.  Tney  agree  fairly  well  with  each  other  and  give  as  an  average  range  (0.35  tc 
1.2) xic*  molecules  cm~*  sec"5  for  the  natural  source  of  N0X. 

Table  2.  Natural  N0X  Flux  in  the  Stratosphere  -from  the  NiC  Mechanism 


Range  of  Calculated  Flux 
(molecules  cm-2  sec-1 *10*) 

9.3  to  1.5 
0,5  to  1.5 
0.25  to  0.65 
0. 35  to  1.2 


Authors 


Cxutzen 

Nicoiet  and  Rsetermans 
McElroy  and  McConnell 
(average) 


Nitrogen  dioxide  and  nitric  aeid  are  readily  washed  out  by  rain  in  the  troposphere. 
There  appears  to  be  a  higher  mole  fraction  of  NQX  in  the,  stratosphere  than  in  the 
troposphere.  Thus  in  any  diffusion  or  eddy  diffusion  process,  K0X  would  be  transported 
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downward  from  the  stratosphere  to  the  troposphere.  To  the  extent  that  tropospheric:  air 
is  injected  into  the  stratosphere  in  tropical  regions,  the  amount  of  N0X  in  the 
stratosphere  is  reduced  by  the  influx  of  relatively  clean  air.  Thus  combustion  processes 
that  generate  NO*  in  the  troposphere  do  not  appear  to  be  s  source  of  stratospheric  NO}.. 


G.  Artificial  Increases  ir.  Stratospheric  Nitrogen  Owidas  from  SST  Exhaust 


There  has  been  considerable  discussion  and  some  controversy  on  the  amount  of  N0S_ 
r-fnm  *-\\a  nsm  svhatwf.  ~hrt  Bimt."  t  '  is  conveniently  expressed  in 


expected  to  be  emitted  from  the  SST  exhaust.  The  quant-tv  _ 

units  of  grams  of  KO  emitted  ir.  the  exhaust  j?er  kilogram  of  fjel  burned  for  conditions 
of  cruise  operation.  The  General  Electric  Company  quoted  the  figure  42  g  NOAg  fuel  to 
the  Study  of  Cri  .ical  Environmental  Problems5  ,  SCEP,  but  they  added  a  footnote  that  it 
might  be  a  factor  of  2  or  3  less.  In  pert  or.  this  basis,  Johnston11  used  the  figure  15 
n  UO/kg  fuel.  The  Concorde  is  said  to  emit  12.5  g  NO/kg  fuel.3*  Gn  the  basis  of  tests 
Simulating  the  actual  stratosphere,  Forney5'  has  given  a  tentative  estimate  of  7  g  NO/kg 


ated 


chat  if  SST  engines  .'ere  redesigned  for  tl.e  purpose  Of  minimizing  NO  emission,  these 
emissions  could  be  reduced  several  hundred  fold  lower  than  existing  ergines.  in  view. of 
this  wide  range  of  estimates-  cne  might  take  7  to  20  g  NO/kg  fuel  as  a  reasonable  estimate 
of  what  should  he  expected  from  fee  1971  version  of  the  American  SST, 


According  to  the  Australian  Academy  of  Sciences5*,  the  fleets  of  Concorde  in  1985 
would  constitute  a  world  wide  average  flux  of  NO  in  the  stratosphere  of  lOIxIO”  fcc/day 

worid-wi  Ts  average  of  0.5*10*  molecules  cm-2  sec-1. 


This  source  strength  corresponds  to  a  _ 

The  tiar.igu  range  of  natural  source  strength  of  NO-  as  given  in  Table  2  is  0.35  to 
1.2*10*  soiecules  ofi~?  seer1.  Thus  it  earn  be  seen  that  the  artificial  source  of!  NOx 
from  the  Concords  is  about  the  same  size  as  the  current  estimates  of .the  natural  source 
of  NO*..  The  American  SST  would  burn  fuel. at  about  three  times  the  rate  of  the  Concords. 


If  i.,c  emission  index  is  the  same  as  the  Concorde,  the  American  SST  would  increase 
stratospheric  HO*  by  about  1.2 xio*  molecules  cm-*  sec-1  as  a  world-wide  average* 
figure  iv  octal  .to  the  upper  range  of  the  average  estimates  of  the  natural  source  in 
Table  2,  2.1  the  large  figures  mentioned  by  McAdams  of  Ferri  are  appropriate,  500  American 
SST  would  constitute  a  wet id-wide  source  of  stratospheric  NO  substantially  greater,  than 
the  maximum  natural  rate  as  given  In.  Table  2.  At  latitudes  of  high  traffic  density,  the 
regional  emission  fates  would  exceed  the  world-wide  average  emission  fates  discussed 
above.  In  many  design  problems,  some  safety  factor  is  invoked  between  the  expected 
central  .figure  and  an  acceptable  target  figure.  At  present  the  central  estimate  of  the 


effect  of  full  fleets  of  SST  { conventionally  taken  to  be  500  for  purpose  of  calculation', 
is  that  they  would -mere  or  less  double  tiie  natural  source  of  NO*  in  the  stratosphere. 


Table  3.  Estimates  of  worldwide  averages  flux  of  NO*  from  500  AST 


Estimated  flux 

_  y  «■!'  3 

(molecules  cm  sec  *10 

“ 

Hef. 

0.5 

Concorde  (1972) 

7~\ 

0.7 

Forney-  (1972) 

33 

l.S 

Johnston  (1971) 

11 

2  to  3 

HcAdams  {1971} 

34 

4.2 

SCEP  (19 7Q)  - 

31 

0.5  to  2.0  (Probable  range) 


The  Quantity  of  NO*  in  the  stratosphere  is  not  the  whole  story.  The  distribution 
NOo*  both  naturally  and  as  it  would  fce  after  full  scale  SST  flights,  is  equally  as 

.... ■  — —  Wrt  T«  nti*  ^  -  it  l 


vertical  column  of  ozone  anywhere  between  3  per  cent  and  50  per  cant  depending  on  the 
distribution  of  t  e  added  NO*.  Although  steady-state  calculations  are  not  realistic 
enough  to  warrant  detailed  conclusions,  this  study  was  surely  correct  in  identifying  the 
importance  Of  H0X  distributions  i.n  this  problem.  A  world-wide,  highly  constrained 
vertical  distribution  gives  an  •’overkill’*  of  ozone  in  a  narrow  range  of  elevation,  no 
contact  with  ozone  elsewhere,  and  thus  a  small  effect  on  the  ozone  vertical  column.  A 
highly  constrained  (i0  fold  local  maximum)  ’  horizontal  distribution  with  a  moderate  (10 
km  wide)  vertical  spread,  gave  maximum  ozone  destruction  and  a  factor  of  two  reduction 
of  the  local  ozone  column.  Beth  a  highly  constrained  vertical  distribution  and  a  ten¬ 
fold  "ideal  maximum"  over  latitudes  of  high  traffic  density  seem  to  be  physically 
unreasonable ,  but  the  great  difference  between  these  extreme  cases  points  up  the  importance 
of  determining  NO*  distributions  in  the  stratosphere. 


The  conclusion  t  his  sect: on  is  that  500  SST  (including  the  Concorde)  promise  more 
or  less  to  double  the  -ate  of  input  of  the  oxides  of  nitrogen  into  the  stratosphere,  but 
the  expected  magnituue  of  ozone  reduction  is  a  very  complicated  problem  re*  ring  much 
more  study  before  a  satisfactory  answer  will  be  found. 
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Discussion  on  Paper  2 

“Reaction  of  .Ozone  with  Nitrogen  Oxides  at  KighAkitudes-' 

presented  by  K.Sjohnston  -  ~ 


A.Goldburgr  - 

1.  Theozbs?. profile  you  report  is  off  by  a  factor  of  three,  but  rate  calculations  arc  only  good  as  to  order  of 
magnitude.  Ttldnk  that  represents  agreement. 

2.  In  yoi it  calculation  of  photochemical  rates,  transport  phenomena  were  not  given  sufficient  consideration. 


H;SJohnstph: 

1.  Some- rate  data  are  valid  only  as  to  order  of  magnitude,  but  the  data  bch.nd  this  calculation  (Figures  7  and  8) 

are  much  better  tlu:h  that.  The  ozone  column  vanes  as  the  square  root. of  the  ozone  destruction  Tic,  and  thus  the 
discrepancy  in  profile  is  a-factor  of  two.  not  three.  - 

2.  To. the  contrary,  this  calculation  of  integrated,  instaniancous  rates  based  on  the  observed  OZonj  distribution 
gives  full  consideration  to  ozone  transport  (note  particub  ly  pages  3  through  6  and  Table  1). 

R.S-Scorer.  The  equilibrium  level  of  components  of  the  stratosphere  is  probably  determined  by  a  collection  of 
reactions  which  have  feedback  on  each  other  in.such  a  way  that  a  small. increase1  in  one  component  is  absorbed 
without  significantly  altering  any  mqior  component  (including,  of  course,.  Oj).  Most  of  the  major  injections  of 
NOx  rntC  i;.  •  strafQsphcfe.a.ic  accompanied  by. a  higher  concentration. of  HjO  than  the  stratosphere  averages? 
that  it  could  be  that  a  lower  effective  level  of  NOx  results  frpih  these  injectfons  ihan  if  theNOxwere  mixed  into 
a  larger  volume  of  ait  before  its  concentration  could  be  reduced  by  the  excess  fj3.0. present.  These  .pdn^aejgtfofe 
are.importarit  jn.additionito  studying  the  details  of  the  mixing  mechanisms.  It  should  be  reipaifced  that,  a  greater 
mixing  r-ce  decrease!  the  residence  time  and  that  in  any  case  much.of  the  NO,  will  be  removed  into  the  iropch 
sphere  beforeJt  achieves  the  mean  dilution  used  to  calculate  the  . consequences  of  its  presence.  Prediction  of  dire, 
consequences  must  consider  the  very;  complex'  interactions.  y  "  .  ;  . 

lTSTohnston:  In  the  natural  stratosphere  the  ratio  of  water  to  NOx  (NO  +  N02  +  il.NOj)  is  about  1000  to  brie, 
and  in  jet  engine  exhaust  it  is  about  100  to  one.  Thus  the  point  about  increased  ratio  of  water  to  NO-  is  a  valid 
one,  whith  ali  careful  studies  of  this  problem  .must  consider.  "We  have  made  calculations  of  the  injection  of  NO* 
from  supersonic  transports,  and  there  are  very  complex  interactions,  as  Profcssoi  Scorer  says  The  formation  cf 
HNO3  from  Np2  and  NO  docs.no*  remove  NOj  from  the  stratosphere.  The  HN03  that  is  transposed  upward  by 
vertical  eddy  diffusion  is  photoly zed.by  short  wavelength  ultraviolet  radiation  to  form  NOj  in  the  important 
‘'ozone  source  region"  above  25  kilometers. 
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Guawar.T 

Thor*  haa  b«en  such  speculation  ui  th*  literature  recently  that  the  oxides  of  nitrogen  produced  in 
the  conbuetore  of  the  Jet  engines  of  high  flying  aupereonle  aircraft  could  interaot  with,  end  eo  attenuate 
the  Earth's  orone  shield  and  increase  the  ultra-violet  radiation  reaching  the  planetary  surface.  It  is 
fair  to  say  that  so  rer  as  the  necessary  full,  quantitative,  consideration  of  the  interaction  of  radiation, 
photochemistry  and  the  ataoapheric  circulation  has  rot  been  aade.  However,  it  is  incontrovertible  that 
under  laboratory  conditions  NO  and  NOj  convert  oaone  and  oxygen  etoas  to  solecular  oxygen. 

In  this  paper  calculations  ars  presented  suggesting  that  nan  say  hava  already  injected  Into  the 
stratosphere,  during  the  varioua  nuolear  teating  pro  grass ea ,  aaounta  of  nitrogen  oxldaa  greater  than  tha 
annual  emission  expected  frost  full  operation  of  aa  aany  as  500  Conoordss.  A  study  of  sons  of  tha  noat 
reliable  oaone  records  has  failed  to  reveal  any  significant  depletion  in  total  osone  during  the  periods 
after  nuclear  weapon  tasting. 


1.  Introduction 

At  tha  present  tin*  nan's  understanding  of  tha  oaona  layer,  which  ia  centred  at  a  height  of  about 
25  km  in  the  stratosphere,  is  rot  conplata.  At  ona  tiaa  it  waa  thought  that  tha  oxygtn  raaotions  alone, 
the  eo  called  Chapnan  classical  thsory,  could  account  quantitatively  for  tbs  observed  osone  profiles. 

But  as  knowledge  of  the  relevant  rata  coaffiolants  and  tha  natural  distribution  of  osona  btesas  nora 
axaot,  it  becaae  apparent  that  tha  classical  thsory  gave  theoretical  osona  profiles  with  total  osons 
such  greater  than  that  observed.  This  discrepancy  wan  for  a  while  aoeountad  for  by  turning  to  ths  ao 
called  'wet  chenlatry'  thaala  in  which -fit  was  postulated  that  raaotions  involving  water  and  its  dissoc¬ 
iation  produota  wars  responsible  for  a  higher  osons  destruction  rats  than  that  of  ths  olMsloal  thsory. 

Again  better  neaaurenentu  of  ths  relevant  ohwlcal  rats  oosfflolsnta  lsd  to  this  sxplanatlon  falling 
out  of  favour.  Tha  lunent  suggestion1***  is  that  naturally  occurring  nitrogen  oxldeo  in  ths  otrei->a- 
phera,  possibly  originating  fron  tha  troposphere  and  high  atnoaphsra,  nay  play  a  significant  role  aa 
aeana  of  oonrerting  at  -atospherlc  osona  and  atoaio  oxygen  to  molecular  oxygen.  It  would  appear^  that 
1  to  10  ppb  nitric  oxide  In  ths  stratosphs-ie  air  is  required  to  produce  agrocaent  between  measurement 
and  the  nitrogen  oxide  photocheaical  theory.  Its  actual  aaounta  of  nitrlo  oxide  in  the  stratosphere 
hare  yet  to  be  established. 

2  i  L 

It  la  in  this  context  that  there  has  besn  such  speculation * in  ths  literature  rcoently  that  the 
oxides  of  nitrogen  produced  in  the  combustors  of  the  jet  engines  of  high  flying  euperaonio  aircraft 
could  interact  with,  and  eo  attenuete,  the  Earth's  osone  shield  and  increase  the  ultre  violet  rediatlon 
reaching  tha  planetary  surface.  It  is  fair  to  say  that  none  of  these  papers  contain  the  necessary  full, 
quantitative  consideration^  of  the  interaction  of  radiation,  photochemistry  and  tha  ataosphsrie  circul¬ 
ation.  However,  it  is  incontrovertible  that  under  laboratory  conditions  NO  and  NO-  convert  osone  and 
oxygen  atoaa  to  molecular  oxygen.  Such  considerations  have  resulted  in  the  initiation  of  a  number  of 
research  progranaes  in  the  USA,  UK  and  franc e  to  study  the  ellnatlo  consequences  of  the  operation  of 
fleete  of  euperaonio  aircraft. 

Any  process  whioh  heats  air  above  ~2300K  will  produce  significant  quantities  of  NO,  ea  an  equil- 
ibrlu*  constituent.  Examples  of  auch  heating  include  the  shook  waves  fro*  nuolear  explosions  aa  well  as 
the  operation  of  the  combustion  chaabere  of  aircraft  jot  anginas.  The  actual  aocunt  of  nitrogen  oxides 
remaining  at  ambient  temperatures  will  depend  upon  the  rate  at  vbich  the  heated  air  cools  through  the 
2500K  temperature  region.  It  may  be  that  man  has  already  inj<c'.»d  massive  aaounta  of  nitrogen  oxides 
into  the  stratosphere  during  the  various  nuolear  testing  progranaes. 

2 .  The  Shock  Wave 

In  order  to  calculate  the  aaounto  of  nitrogen  oxides  produced  in  the  shock  waves  of  nuclear  explosions, 
it  is  necessary  to  know  the  pressure  -  temperature  hletory  of  each  parcel  of  sir  through  which  ths  shock 
front  passed.  Ths  mathematical  description  of  ths  spherical  shock  wavs  as  given  by  Taylor6  was  used  to 
calculate  the  pressure  -  temperature  histories  of  ssvsn  spherical  surfaces:  enclosing  fixed  Basses  of  air 
around  the  explosion  centre.  Values  of  pressure  and  temperature  of  eaoh  spherical  shall  enclosed  by 
theee  seven  aurfacee  were  then  obtained  by  averaging  the  values  at  ths  two  boundaries.  The  innermost 


Tt*r*  cfw  ok" 


Tint  cTttr  CrcSoMA 


Z*l'Aorith  and  Balxar7  joint  oat  that  the  th*oryi*  not  atrietly  applicable  centrnl  regonn 

of  tta  «ejio*ion  0IhiU*.1  *nd  2)  Aef*  rsdiatire  *ff«cte  probably  d^iinnU. 

•or*  approxiaet*  when  th*  pr***ur*  in  th*  ahock  front  ia  l**e  than  about  ten  tiaee  that  of  aabiont. 

T..mi,ir1  fct  th#  cttrvM  in  fig  1,  a  constant  »alue  of  the  ratio  of  epaeific  hanta  ©f  1**e 
haa  baan  acoustd.  Although  at -hitf;«r  tcaparatura,  S' i#  r*duc*d  froa  ita  ordinary  tropoepharlc 

SnSStlon  o?  if  th.  fo«  of  aolaeular  ribratiou*  quanta,  at  *gry  hi*  tt-jeratui*. 

locraaain*  diaaociation  aay  ba-arpactod-to  coapcnaata  for  this  affect,  tfaylor  aotad  that  hi* ;  ealeul- 
atioaa  fitted. th*  obaarvai  h*ha*iour  of  tba  firaball  ia  th*  firat  nuclanr 
^  a  l.h  than  for  V  art.*  'Aa  ah^ck  wav#  h*a  boan  aeauasd  to  ^op^ata  apharically  in  a  ^ifora 
ataoapher*  at  290K  and  1000  ab.  for  tha  largaat  explosion  wnaidtrad  (fO  ««ga-oaa)f  th*  radius  of  th# 
2000K*urf*c*  %*  about  y  Ira  at  which  height  thia  aPIraxia*tio*.i*  acceptable,  a»  da^natiatad  by 
Korobeinikov '  a^  aor a  sc curat*  description  of  a!ioc3e  wav*  propagation  in  a  raal  ataoajhar*. 

3*  Cjaaicai  Kinatica  of  H*atad  Air 

Tha  prodwetica  of  KO  ia.yaock-haatad.air  hr*  fe««a  directly  aacaurad  in  Irboratory^shcnk  tuba 
aacparSonSTat  taaparatu rac  b*tw*«  2JOOX  aid  fiOOC*  by  C***c  tnd7*inb*r*9. 
oxide,  ot  UV  *°  °*n  *«*  obearrad}  however,  th*  «2p*ri»ant*  appU*d  t° 

f-ln»w  ( several  aicroaecond*)  and  pr**aur*a  fra#  .01  to  «07  ataoapher***  fhi*  ia  in  contra* -  to  th* 
coition.  following  a  weapon  bur. t,  uhara,  after  a  few  hundred  ’* 

««•  of  th*  order  of  50  at*  of"1  and  cooling  rat*e  ara  of  th*  order  of  20GOK  ar  *  «i*  *«’**  of  ta* 
concentric  efc«ll*  of  air  H«*t*d  above  2000K  ar*  typically  of  th*  order  ofjO  t?.t*rt*with  a 

eirnaataaeaa  th*  beat  a  priori  way  to  calculat*  production  of  nitrogen  oxide*  w^uld  b*  to  *tart  witt 
-haaical  lduatic  **chania»  Toapoaed  of  the  sl**amtary  proeesaw  thou^t  to  be  r*-evant  «ni  derive  th* 
ae“tfaiaultaa<MU*  differadtial.  aquation*  d**cribing  the  variation  in  tie*  of 

th*  solacuidr  opaciaa  involved.  The**  equation*  ahould  then  b*  eo_vad »  Jjy  nuatrvcal  f ^ 

s.  ■oerti-Mlar  air  •***»  tbrou#  it*  presaor*  -  teaperatur*  hiatory  *3  a  function  of  tiaa  doyn  to  tines 
and^teaperaturae  where  th*  K3  production  and  deairystioc  ratao  are  alow  csaper*d  to  th*  coo.ing  rat*. 

Tha  claaonUry  chaaieal  proce*»*  used  in  calculatiog  tha  nilrogan  oxid*  production  in  th*  hot 
air  at****  creatad'by  tin  nuclear  ahock  wav*  ara  ar  followa:- 
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deactivation  of  aocoited  apaoiaa  la  likely  to  ba  efficient. 
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(1) 

3.73  X  10** 

-1.6 

224,  900 
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(2) 

2.25  X  1021 

-1.6 

0 

10 

(3) 

4.79  X  1018 

-1.0 

118,  700 
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(4) 

2.38  X  1017 

-1.0 
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6.43  X  1016 
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0 
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1.54  X  1016 
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(8) 

1.47  X  101? 
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-1,  870 

13 
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1.30  X  1015 
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58,  000 
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(10) 

3.89  X  1014 

0 

22,  720 

12 

(11) 

6.46  X  1012 

0 

-2,  100 

12 
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1.36  X  1014 

0 

75,  400 

13 
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3.10  X  1013 

0 

334 

13 

(14) 

6.43  X  109 

al.O 

6,  230 

13 

(15) 

1.55  X  109 

al.O 

38,  640 

13 

(l6) 

1.00  x  1015 

0 

600 

13 

(17) 

1.00  X  1012 

0 

45,  500 

13 

08) 

3.60  X  1012 

0 

0 

13.  15 

(19) 

9.40  X  1011 

0 

66,  000 

13 

(20) 

2.50  x  1013 

0 

26,  900 

13 

(21) 

1.20  X  1012 

0 

0 

13,  15 

(22) 

2.43  X  109 

0 

-1,  046 

13 

(23) 

4.00  X  1012 

0 

26,  900 

13 

(24) 

1.20  X  1015 

0 

4,  790 

12 

(25) 

5.72  X  1011 

0 

2,  460 
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Th«  integration*  were  carried  out  using  t at*  coefficients  taken  from  recent  authoritative  reviews 
a*  euna&rlaed  in  Table  I.  Clth  the  exception  of  reactions  3  and  V,  the  rat*  eoeffielents  have  been 
adjusted  for  molecular  nitrogen  as  the  third  bod/  M.  Tor  reactions  3  and  4,  the  larger  third  body 
efficiencies  of  atoale  and  nolecular  oxygen  were  vsed.  there  the  rovers*  process  of  s  reaction  occurred, 
values  wei-e  choeen  to  be  coapstibl*  with  the  thsnoobesical  equilibrium  constant. 


the  integrations  were  carried  out  by  a  seal  lapllolt  acbeae ,  pro gr— sod  in  i&SIHBUS,  s  low  level 
im  language.  Initially,  a  a  In  pie  Sulsr  first  order  forward  tla*  atop  sethod  was  used  to  per  fora  the 
integration.  A  prohibitively  swell  tla*  step  of  seoonds  was  required  by  this  sethod.  Hjr  setting 

nitrogen  atone  and  oione  to  equilibrium,  this  was  levered  to  3  x  10”?  seoonds  for  shell  6,  with  its 
teaperature  of  2J00K.  The  seal  lapllcit-asthod  oovu  d  run  satisfactorily,  without  setting  any  specie* 
to  equilibrium,  using  s  tine  step  of  1CT*  seconds  a'<  iJOtt,  5  x  10^*?  seconds  between  23O0K  sad  3J00K 
(shell  3),  and  10"?  seconds  between  33OOK  sad  UOtt  (shell  4).  The  results  obtained  by  the  different 
sethods  at  2J00K  agreed  closely j  to  have  run  the  .'orward  tine  step  sethod  at  higher  temperatures  would 
hove  involved  setting  nitric  oxide  itself  to  oquilibrlnn,  defeating  the  purpose  of  th#  exercise.  The 
seal  lapllolt  achen*  used  th*  relatlont- 

_  (1)  Tn(l>  ♦  P.  .  A  t 

Tn  ♦  1  “  - ^ - 

1  *  ^(1)  ^  * 

whore  Y  +  le  th*  concentration  of  th*  1th  constituent  at  th*  (a  ♦  1)th  tins  step,  and  P^j  and 

function!,  of  rat*  coefficients  and  concentrations  of  other  species,  are  defined  hy  the  general  ohenloal 
kinet; 1  differential  equationi 

illii  -  P(1>  -  Q(i)  Tq)B 

at 

where  in  this  case  a  -  1  or  2.  At  evary  tine  step  each  species  was  advanced  in  turn  by  this  method, 
whilo  the  remainder  were  held  constant.  Thin  sothod  does  not  simultaneously  nolv*  all  th#  continuity 
equations,  and  so  cannot  bn  guaranteed  to  oonaervo  ohamloal  identity  (that  Is  to  say  the  total  nuabers 
of  oxygen  end  nitrogen  atoas).  Chomioal  conservation  was  in  fact  obeyed  quit*  well  except  la  th*  few 
Integrations  which  went  to  nuabers  of  tla*  steps  greater  than  about  2  X  10".  However,  in  all  o*a#a, 
results  are  quotad  from  integration#  whore  oonservatioa  of  H  atom#  and  of  0  atema  waa  ensured  by  soaling 
after  each  tioe  atep  to  th#  density  Implied  by  th*  pressure  sad  teaperature  hlatory  derived  from  T«ylor's 
equations.  Result*  of  typical  Integrations  are  shown  in  Tig  2.  Th#  rot#  coefficients  wsr#  recalculated 


=jSns=2t25Sa2'S23'£S  shaver. 

Th*  r*«ulta  of  these  calculation*;  a re  given  in  Table  II  in  which  the  nitric  oxide  yield  fo.-  each 
6onwnSiy2*ii  levitated,  together  with  the  total  air  eua  in  that  ahell  for  exploaioL  of  1,  10  and 


It  ia  aeen  that  the  1*0  yields  for  1,  10  and  60  W  explosions  were  0.49,  5.4  and  35.5  X  1010  w 
r-eapectiYely.  The  yi*ld  in  the  1  to  10  KT  range  la  about  linear,  with  5  X  109  gaa  of  NO  being  produced 
per  HI  of  explode#  energy.  This  linearity  breaks  down  eoaewhat  for  the  60  NT  exploaloa  because  in 
the  outer-aoat  of  th«  shells  produolng  significant  amounts  of  NO  (Shell  6),  the  NO  production  is  slow 
enough  to  be  dependent  upon  the  tine  spent  at  high  temperatures,  rather  than  the  cooling  rate  as  is 
the  case  for  the  inner  shells.  60  NT  is  about  the  alae  of  the  largest  individual  nuclear  explosion 
ever  sade,  in  Russia  in  1962. 


The  deduced  production  of  5  X  lodges  per  NT  of  explosive  power  can  be  coapared  with  the  findings  of 
three  previous  studies:- 

(a)  The  first  by  D  8  Davies1^  was  primarily  concerned  with  the  ehaalosl  composition  of  the  air 
in  the  shook  wave  and  how  the  resulting  changaa  In  ?f  would  affsot  ths  shook  propagation.  However, 
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Calculated  NO  production 


Explosion 

Strength 

(megatons) 

Shell 

No. 

Air  Ness 
ia  Shall 
(10«  gas) 

Z*>7 

1010  gas 

D»J 

10>2  moleoulee 

1 

4 

0.075 

0.017 

0.13 

•M 

0.26 

5 

0.145 

0.016 

0.23 

0.46 

6 

0.270 

0.005 

O.lS 

0.26 

TOTAL  1- 

0.49 

0.98 

10 

4 

0.73 

0.013 

1.2 

2.4 

5 

1.45 

0.014 

2.1 

4.2 

6 

2.70 

0.008 

2.1 

4.2 

TOTAL! - 

5-1* 

10.8 

60 

4 

*t.3 

0.013 

6.8 

13.6 

3 

8.7 

0.013 

11.1 

22.2 

6 

16,4 

0„011 

17.6 

35.2 

TOTAL !- 

_ 

33.3 

71.0 

he  did  conclude  on  the  basis  of  a  statistical  mechanical  treats ant  of  equilibrium  constants  that  at 
4000K  k.G%  of  nitrio  oxide  would  be  present.  Be  also  concluded  that  no  NO  would  bo  produoed  at 
temperatures  of  300CK  or  lowert  that  ia  beeauss  ths  statistical  meehaaioal  approach  does  net  allow 
for  the  changes  in  ths  chsmloal  reaction  rates  with  temperature  being  slower  than  the  rate  of 
change  of  temperature.  The  amount  of  NO  left  after  the  passage  of  the  chock  wave  was  not  of 
oonoern  in  this  study. 

(b)  In  ths  ascend,  Zel'dovioh  and  Balser17  assume  that  all  ths  sir  that  had  been  taken  to  temp¬ 
eratures  greater  than  230GK  in  ths  shook  wave  would  ultimately  have  equilibrium  NO  eonoentratione 
froien  at  values  oharaotarlatlo  of  2300K  wham  returned  to  ambient  temperatures.  On  thin  basis 
they  oonoluded  that  s  20  kiloten  equivalent  TNT  implosion  would  yield  a  concentration  of  NO  of 
about  1)$,  equivalent  to  about  30  tons.  On  a  linear  emtrapolatlon  this  neans  that  a  1  NT  exploaloa 
would  yield  2.5  X  10“  pu.  This  is  about  a  half  of  the  yield  indicated  by  the  nore  comprehensive 
calculations  outlined  in  this  paper. 

(c)  In  ths  third,  Foley  and  Budermsn  simply  took  one  third  of  the  liberated  explosive  energy 
yield  as  remaining  as  thermal  energy  in  ths  buoyant  hot  sir  and  assumed  that  this  energy  would  be 
used  in  heating  a  ease  of  air  to  n  temperature  of  2000K,  The  physical  buin  of  this  aeeunption 
ia  not  readily  apparent  from  detailed  studies  of  Taylor®  and  Brode1*.  They  further  assumed  that 
all  this  air  lnataatanaoualy  produoed  a  eomoaatratlen  of  0.8N  NO.  The  time  aoale  for  NO  produetlon 
for  ourve  6  of  Fig  2  of  tho  present  paper  demomst rates  one  limitation  of  this  approaoh.  However 
thie  siapl^fied  treatment  of  the  phyaies  and  chemistry  of  nuclear  explosions  yielded  a  similar 
result  (10  gme  of  NO  per  NT  exploalve  energy )  higher  than  that  of  our  method  by  a  factor  of  two. 


3-6 


It  la  worthwhile  at  this  stage  to  discuss  acxsa  of  ths  limitation*  of  the  treatment  contained  in 
this  paper.  In  arriving  at  iue  nitric  oxide  production  rate,  the  inner  three  shells,  denoted  in  Fig  1* 
and  containing  0.33,  3. 3  and  20  X  1012  gun  respectively  for  1,  10  and  60  Mf  events  have  not  been  included. 
This  is  not  only  because  of  the  inapplicability  of  the  Taylor  formulations  to  these  inner  regions  where 
radiative  transfer  say  be  relatively  important  but  it  night  also  be  argued  that  these  high  temperature 
gases  absorb  the  ionising  radiations  free  the  inner  sost  region,  so  shielding  the  nitric  oxide  in  the 
outer  ehells,  4,  5  and  6.  The  chemistry  of  a  hot  ionised  air  ness,  subjected  to  radioactive  eaissione, 
is  not  easily  so  jelled.  Any  nitric  oxide  production  in  these  inner-coat  ehells  will  be  additional  to 
3  X  10“  gss  per  d  deduced  free  the  outer  ehells.  Also,  all  the  calculations  apply  to  a  spherical 
shock  wave.  For  explosions  on  or  near  the  ground  sost  of  the  energy  would  be  absorbed  in  the  earth 
rather  than  propagated  in  the  atmosphere,  leading  to  a  somewhat  smaller  nitric  oxide  production. 

Ae  stationed  is  section  2,  a  value  of  1.4  for  Z  ,  the  ratio  of  speoifio  heats,  was  used  is 
calculating  the  pressore>twperature  histories  of  the  shock  wave.  To  test  ths  effect  of  decreasing  #  , 

the  pressure  temperature  histories  were  recalculated  for  «  10  XT  event  using  X  *  1.3.  The  nit. ic  oxide 
production  was  now  Attributed  to  shells  3t  4  and  5  rather  than  4,  5  and  6.  It  war  found  that  the  total 
nitric  oxida  production  was  decreased  to  4.5  X  10?  gss  per  XT. 

The  overall  calculated  WO  production  for  an  explosion  wau  found  not  to  be  very  sensitive  to  variation 


the  other  two  (xjg  and  kgj)  to  their  upper  limite,  reduced  total  nitric  oiide  production  to  2.7  X  10^ 
ge  per  Mf.  Inspection  or  the  course  of  the  integrations  showed  that  reactions  3t  12  and  14  were  ths 
sain  producers  of  nitric  oxide  and  raaetion  19  was  the  sain  destroyer.  This  is  in  agreement  with  the 
experimental  observations  of  Casao  and  lain  berg.  Thus  the  value  of  2.7  X  10°  ga  par  KT  is  a  lower 
limit  in  the  light  of  current  knowledge  of  rate  coefficients. 

The  amounts  of  H02  and  0,  generated  by  explosions  also  formed  nart  of  the  solutions  of  the  differ¬ 
ential  enactions.  It  was  found  that  NOj  was  always  less  than  1%  of  toe  nitric  oxide  production  and 
that  the  Or  production  was  negligible.  The  fact  that  the  NOg  asounte  were  so  wall  provides  some 
justification  for  omitting  the  higher  oxides  of  nitrogen  (NO,,  Ng  0-}..  In  these  calculations,  the 
temperature  history  below  15OGK  was  not  considered.  Heedless  to  say  there  will  be  considerable  „ 
conversion  of  HO  to  XO2  as  the  air  sees  cools  to  ambient.  This  would  account  for  the  observations^ 
of  an  orange  colour  to  the  nuclear  cloud  at  high  altitudes. 

The  chemical  model  outlined  in  this  paper  is  strictly  speaking  applicable  only  to  dry  nir.  In  the 
real  atsosphere,  it  is  possible  that  a  number  of  reactions  involving  water  and  its  dissociation  products 
should  be  incorporated.  It  is  difficult  to  visualise  a  chemical  mechanises  at  the  relevant  elevated 
tempera  cures  by  which  water  or  it.  dissociation  products  at  ataospheric  mixing  ratio/?  could  prevent  the 
formation  of  HO.  Species  such  as  HHO,  HNOp,  HNOi  have  dissociation  energies  less  than  NO^,  to  us  in  the 
aboence  of  some  catalytic  destruction  of  NO  or  NO-  by  H,  OH,  HO.  And  H-0  processes  such  as 


OH  -e  NO  ♦  M 


H!»2  +  H 


cannot  prevent  the  formation  of  NO  in  the  shocked  air  masses.  Further  calculations  on  this  point  are  in 
progress,  but  it  is  a  fact  that  in  the  emissions  of  jet  engines  the  gases  contain  high  asounte  of  water 
end  dissociation  products  and  this  doss  not  apparently  inhibit  HO  production. 

3.  Comparison  with  Nitrogen  Oxide  Reduction  bar  Concorde 


The  recommended  value'3'  for  the  emission  of  nitrogen  oxides  from  the  Concorde’s  Olympus  Kk  602 
engines  is  13.8  gs  of  NO  per  Kg  of  fuel  consumed,  which  is  r  ether  larger  than  estimate*.  based  os 
aeesureaents  made  at  NGTX  Pyeatock.  At  a  cruise  altitude  of  about  55.000  feet  the  engine’s  fuel 
consumption  is  about  4550  Kg  br”1  engine" Thu*  assuming  a  trans-Atlantic  crossing  requires  2?  hours 
living  time  in  the  siratosphei.-s,  the  total  nitrogen  oxide  production  per  flight  expressed  in  terms  of 
NO  is  670  Kg.  Thus  one  Concorde  crossing  the  Atlantic  4  times  per  day,  each  day  of  the  year  produces 
9.8  X  10S  Kg/yr  of  NO. 

In  Tabie  HI  is  given  a  year  by  year  summation  of  all  nuclear  explosions1®, 21  »22»25  grWtH-  than 
20  Kt  TNT  together  with  the  associated  NO  production  deduced  from  the  calculated  yield  of  5  X  10'gsper  IC. 
In  the  fourth  column  is  the  number  of  Concordss  that  would  have  to  fly  across  the  Atlantic  four  times 
per  day,  each  day  of  the  year  to  produce  the  ease  amount  of  NO  as  that  year’s  nuclear  weapon  testing. 

It  is  seen  that  the  nuclear  testing  is  equivalent  during  the  period  1952  to  1958  to  over  100  fully 
operations?.  Concordes.  Hiring  -the  two  years  1961  and  1962,  as  aany  as  800  Concordss  would  have  had 
to  have  bean  fully  operational  throughout  the  two  years  for  ths  ease  gross  NO  injection.  The  assnapt.ou 
ia  sade  that  *11  nitrogen  oxides  produced  in  explosions  are  ultimately  transported  into  the  stratosphere. 
Since  the  greater  pro poet Ion  of  radioactive  debris  in  an  air  burst  of  1  MC  or  greater  ii  injected  into 
the  stratosphere2*?,  ^  i*  no _t_. unreasonable  to  assume  that  all  nitrogen  oxides  will  reach  the  stratosphere 
in  a  siailsr  aanner..  Although  Table  HI  gives  s  sensation- of  nuclear  explosions  greater  than  20  KT  TNT, 
the  total  yield  of  explosions  between  20  KT,  which  probably  do  not  Inject  material  into  the  stratos- 
phere,  **  and  1  Kf,  which  probably  do,  is  only  a  smell  proportion  of  the  total.  The  inclusion  of  these 
low  yield  explosion*  will  sake  no  significant  differences  to  the  estimates  of  the  stratospheric  injection 
of  nitrogen  oxides. 
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Table  HI 

The  calculated  annual  NO  production  fro*  all  nuclear  teats 
gre atar  than  20  KT  and  the  equivalent  number  of  fully 
operational  Concordes 


it- 


Iii£ 

Kegstoue 

NO  Production 

Equivalent 

TNT 

10?  Km 

Nuab  <r  of  fully 
operational 
-  Concordes 

1952 

1U1 

5.5 

54 

1953 

0 

0 

0 

1954 

48.5 

24.2 

237 

1955 

2.0 

1.0 

10 

1956 

26.0 

13.0 

127 

1957 

13r5 

6.7 

66 

1958 

61.9 

30.9 

303 

1959 

0 

0 

0 

I960 

0 

0 

0 

1961 

■’20.6 

60.3 

591 

1962 

215.5 

•06.? 

1047 

1962 

C 

0 

0 

1964 

0 

0 

0 

1963 

0 

0 

0 

1966, _ _ 

1.4 

0.7 

7 

1967 

3.5 

1.7 

17 

1968 

7.6 

3^8 

37 

1969 

3.0 

1.5 

15 

1970 

6.1 

3.0 

30 

1971 

1.6 

0.8 

3 

1972 

6 

0 

However,  tbara  will  be  obvious  differences  between  the  stratosjh  d  .v  ...nation  due  to  aircraft 
missions  and  that  due  to  sore  rapid  injections  by  sxplaaicur.  In  thi-  .  «;'•  place,  tbe  aircraft 
injections  are  confined  ta  the  lialtod  region  of  air  routes,  ^nd  opera  '1  flight  altitude*  in  the 

lover  stratosphere.  The  nuclear  injections  cover  a  such  wider  altitunc  range,  depending  upon  the 
strength  of  the  explosion)  the  cloud  of  debris  froa  a  1  HP  evant  typically  stabilise***  at  a  h*ight  of 
about-22  k*  whilst  that  of  a  10  KT  event  would  reach  about  *2  km.  Thus  the  Concords  eeiociotu  at  tha 
oparational  height  of  17  ha  are  always  below  the  mtacimm  in  the  vertical  ozona  profile,  whilst  the 
nitrogen  oxides  fro*  nuclear  explosions  could  wtll  stabilise  is  the  ease  height  as  the  ozone  aaxisua. 

It  must  therefore  be  accepted  that  nan  has  already  directly  injected  into  the  uatratoophere  aaounts 
of  NO  at  least  comparable  with  that  expected  .froa  large  fleets  of  Concorde  aircraft.  If  the  atao<?> 
pheric  ozone  budget  is  sensitive  to  injections  of  anthropogenic  nitrogen  oxides  then  one  would  expect 
the  effects  of  the  nuclear  tasting  programs  to  be  reflected  in  the  past  records  of  total  ozone  Mounts. 
This  especially  applies  to  the  years  1961  to  1962. 

4.  Ozone  Records 

Tha  total  ozone  amount  in  the  ataosphero  above  any  point  on  the  earth's  surfacs  is  highly  variable, 
with  large  fluctuations  froa  day  to  day  and  with  a  wall  established  annuel  cycle  which  has  a  -saxiaua  is 
the  early  Spring  and  a  ainisua  in  the  late  Autuan.  If  the  nitrogen  axideo  froa  the  tenting  of  nuclear 
weapons  have  affected  total  ozone  amounts,  then  one  would  expect  this  to  be  reflected  in  the  ozone 
records  since  195c,  with  special  emphasis  on  tha  years  1?6l  and  1962  when  weapon*  yielding  334  KE  ware 
exploded,  which  ia  well  over  half  the  total  explosive  energy  of  all  tests.  Those  tests  prior  to  1952 
were  ell  of  lees  than  1  KT  yield  and  contributed  little  tc  the  total  stratospheric  injections. 

Table  IV 

Ozone  records  of  the  stations  used  in  figure'? 


Arose  <4?°N  10°K)  „  „ 

Cagliari  Haas  .  <39  N  ?  E) 
Caaborse  (50°«5k) 
Sdsonton  <54°*  1l4°V) 
Kagoahiaa  <32  N  131?*) 
Xodaikanal  (1©?*  7 ft) 
Berwick  <60°N  1°V) 

Kesaiwi  (3§H  1$ D 
Napoli  (41$N  i4”*> 

New  Delhi  (29  N  77  i) 
Oxford  02^1  N)„ 
Resolute  <75^{  55  «) 
Reykjavik  (64°N  22°W) 
Sapporo  (4yR  i4l  e) 
Titeao  CJSfN  140TI) 

TrW  (70®N  19-S)_ 
VignaDi  Valle  (42*N  12°E) 
Kean  of  stations 


Number  of 

Mean 

Slope 

Error 

mouths 

total  ozone 

%  per  decade 

of  alone  («•) 

158 

334 

1.'2 

0.9 

161 

329 

8.6 

0.9 

115 

338 

6.3 

1.7 

162 

357 

2.9 

1.0 

151 

289 

1.9 

1.2 

I6l 

255 

10.6 

0.5 

151 

348 

7.2 

1.2 

141 

346 

3.5 

0.9 

137 

301 

-1.3 

1.1 

159 

270 

7.8 

1.1 

162 

353 

4.3 

1.0 

,  143 

3'/’ 

3.6 

1.8 

134 

339 

-1.7 

1.9 

155 

371 

1.0 

0.3 

160 

325 

0.0 

0.9 

121 

331 

0,6 

2.0 

162 

152 

& 

1.1 

6.3 

0.9 

1.7 

-  :’  "  '  ~';"'w  ■  ‘  ■-  '  ,S 


In  Mg  5,  »*  plotted  osone.  data  fro*  th*  17  stations  in  ths  N  h**l*ph*r*  with  the  longest 
contiw.ou*  rseord.  The*#  are  listed  in  Tab!'*  IV.  iThs'^dsvlatio#; ■'lipoBV&ff’Swithly -’»•«*>*  expressed 
as  percentage  of;  tb At  seen ,  i*  \ plotted  Monthly  c«  *.  function  oftiae.  In  this  way  the  annual  and 
lAcrt. -ter*  fluctuation*  or*  reMovld.  Also  the  mu  of  th*  1?  stations  «u  subjected  to  contentiousl 
■fltVy'togi  Vlnoolol  '**90  thing.  ~ ‘  ' 

The  stations  w«i*e  selected  on  th#  following  criteria,  th*  records  (a)  exist  fro*  195?  or  1958.  th# 
beginning  of  the  IGT  period,  when  sany  sort  stations  eboaeaetd  operation  (b)  do  not  have  gap#  of  sere 
than  13  consecutive  souths  ia  their  data  and  (e)  have  ever  110  aoLihly  sean  Talus*  for  the  toil  1  peried 
195?  to  1970*  Station*  asking  eieasureaent*  with  the  Sttsaian  filter  osonoaeter  vers  excluded  be  ?aua* 
it  has  been  desenstrated®  that  results  fro*  thss*  iastrusenta  differ  significantly  fToa  those  cf  'he 
Dobson  osone  epeotrophbtoaeter  for  solar  senith  ugls*  greater  than  60°  or  in  the  presence  of  hae,*. 

Shis  say  be  isportant  due  to  eecular  change*  in  has*  (K  H  Xulkarni,  private  ecaaunlcation).  Furtheraor# 
only  oson#  seararsient*  in  the  M  hemisphere  are  considered  because  ths  east  bulk  of  nuclear  weapon 
debris  has  been  injected  there.  Ia-  any- base 'very  few  stations  ’  in  the  S  hemisphere  would  her*  set  the 
criteria  of  long  ter*  continuity.  She  periods  of  weapon  beating  together  with1  total  Megaton  yield  for 
each  of  nine  period*  are  also  indicated  on  fig*?.  She  1961-62,  American  equatorial  and  Russian  high 
latitude  tests  are  separated  on  the  diagrea,  with  the  Aaerican  tests  cosing  between  the  two  periods  of 
Russian  tests. 

It  sight  be  expected  that  if  nitrogen  oxides  fro*  the  nuclear  explosion*  are  to  Modify  the  total 
ocone-saount,  then  this  would  be  reflected  in  the  records,  covering  the  N  henisphers,  delayed  by  a 
period  dependent  upon  stratospheric  sixing  tisa*  and  relevant  cheeslcal  reaction  ratas.  Zt  appears  to 
ua  that  these  record*  do  hot  provida  avidec.ee  for  such  a  codification* 

However,  it  hear beoh;  suggested  by  Johnston  *t  el  on  the  basis  of  an  analysis  of  the  records  of 
osone  Measuring  stations  troa  I960,  .including  those  in  the  USSR  and  so**  in  the  Southern  hesisphere, 

that  in  the  Northern  hemisphere- there  was 
a .  significant;  d*ere***:  (-7.6j(;p#r'  decade) 
inOBOnedurihgithe.perlod  1960-62, 

<i — -« — -i — ! — i - 1 — i - 1 — : — ■ — i - 1 — i - r- —  followed  by  an  increase  (*5.6$  per  decade) 

;;  ||  196;ji70.dbbhstim;et.v*l*rgueoh:the 

o.v.d.0.  }\  Mm  beaU  of  these  figure* i  that  *cxid#»  of 

3-.  I  fl/V  Ia  f\f-  300  nitrogen  from  nuclear  bomb  test*  of  1952-62 

\  V  \i\fi  I  \  obaatitutsd  *?a#a*urabl#  injecti*^-  and  the 

I  A  aA  \  /!/ ’  *  \I  consequent  reductions  of  ososs  aey  he.. 

1  o-  it  \N )  J  ■  3°°  nscribable  (perhaps  only  in  pert)  te  thi* 

5  -  IV  *  \  M  l  j  injection  experiaent".  They  al#o  speculate 

*  J  1  /.’I  I  1/  that  the  osone  increase  ,1963-70  may 

rV -  \7  l.  I  I  w  •K0  represent  a  recovery  fr^a  the  effeev*  of 

I  V  M  I  the  test  period. 


195*  rcte  IPi?  19M  1966  196* 


20 

« 

T3 

o 

10 

■O 


9687ear 


Figure  A 


the  onene  data  going  back  to  lato 1957 
given  in  fig  3,  do  cot  support  the  contention 
that;  th*  period  1960-62;ia  of  any  particular 
significance  with  reepect  to  the  periods  of 
nuclear  testing.  Moreover  there  is  ooneid- 
erable  danger  in,  6oap«ring  osone  trends  over  an 
interval  of  3  years.  This  is  demonstrated 
in  Mg  +,  in  which  the  threo  year  elopes 
of  the  17  station  osone  records -are -plotted 
monthly.  It  is  seen  that  the  a3.ope*  vary 
between  about  -*-26£  and  -13#  per  decade  end 
so  there  is  no  sipificanc*  to  the  -?.6j< 
per  decade  obtained  by  Johnston  for.  the 
period  i960»62.  Indeed  during  1963-79.  there 
was  a  period  when  the  3  years  slope  was 
also  negative. 

The  upwards  tendency  of  the  trace  of 
Mg  3  einee  1961 agree*  with  th*  finding* 
of  Konhyr  #t  al”  that  there  he*  been;  eh 
increase  of  total  oxon*  of  up  to  1C?t  at  a 
nus ber  of  . station*  during  th*  past  decade 
(1961-1970). 

There  have  been  a  nusber  of  other 
studio*  of  trends  of  cron*  based  cn  *ueh^j 
longer  record*'  of  data.  Motably  Villett4® 
and  Christie2?,  beth  pn :  th*  besis  0  f  records 
goisg  back  to  1933.  detected  a  segetir* 
end  largely  unexplaia*'  correlation  of 
total  osone  With  sxtnspot  nusber.  The'  osone 
stiaisas  precedes  th e  -  ruaspot  saxisus  by 
abcnit;  2Q  Maths.  However',-  IjMdbn  aad 
Oitiwnsl0  weir*  unable  to  find  etuch  a 
correlation  in  the  Aroes  aad.Sroas^  records, 
which  fonied  the  bulk  of  th*  Villett, 

Christie  data  before  19^5.  Faetsold  at  al  , 
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on  the  evidence  of  direct  balloon  bora* 
optical  oiione  soundings  over  central 
Europe  between  the  year*  1951  to  1972, 

.  report  a  positive  correlation  between 
sunspot  rubber  and  tHe  oabc*  sabir  a 
between;20  and  30  las.  The  evidence  for 
this  correlation  however  is  not  conclusive 
due  to  -  the  lack  of :  date  in  the  first  half 
of  the  period. 

thero  are  only  tvo  osone  observing 
etetions  with  reasonably  complete  long 
term  records.  These  ere  Arose  end  to  a 
leaser  degree  Oxford,  both  fro*  1926.  In 
fig  5  the  deviation  froei  the  monthly  Mean 
is  shown  for  both  these  stations.,  the 
Oxford  data  between  1933  and  19V*  have  not 
previously  been  published,  whilst  those  for 
Arose  acre  given  by  Perl  and  Dutsch*2. 

these  long  tera  records  demonstrate 
the  high  variability  in  total  osone  over 
a  wide  variety  of  time  scales  and  indicate 
the  difficulty  in  detecting  any  abort 
ter*  treads.  In  common  with  other  data 
presented  here,  there  .*5  nothing  to  suggest 
that  nitrogen  oxides  froei  the  testing  of 
nuclear  weapons  in  the  atmosphere  have  had 
any  effect  on  the  total  osone; 
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In  this  paper  the  production  of  nitrogen  oxides  in  the  shock  wave  of -  explosions  associated  with 
the  touting  of  nuclear  weapons  in  the  atsoaphere  haw  been  calculated.  This  has  allowed  the  total 
injection  of  nitrogen  oxides  into  the  stratosphere  to  be  deduced  for  each  year  in  which  nnclear  tests 
have' taken  place.  These  amounts  have  been  cospared  with  thoee  expected  fkoa  the  engine  exhaust  products 
of  fleets  of  Concordes  each  flying  in  the  stratosphere  for  over  10  hours  every  day  of  the  year.  It 
is  concluded  teat  past  nuclear  explosions  hare  been  equivalent,  as  far  as  nitrogen  oxide  stratospheric 
injections  arc  concerned,  to  large  numbers  of  these  fully  operational  Concordes.  Tor  instance,  during 
the  years  of  maximum  nuclear  activity,  1961  and  1962,  the  number  of  Concordes  giving  equivalent  nitrogen 
oxide  Missions  would  have  been  about  600  and  1000  respectively.  Analysis  of  tee  osone  records  reveal 
no  detectable  changes  in  the  total  atmospheric  osone  during  and  after  the  periods  of  nuclear  weapon 
testing.  Although  thr  two'  aodes  of  nitrogen  oxide  injection  any  not  bo  identical  from  the  meteorological 
view  point,;  tee  conolueiph  that  massive  injections  of  nitrogen  oxides  into  the  stratosphere  do  not 
upset  the  osone  layer  seems  inescapable.  Such  a  conclusion  has  profound  implications  on  our  under¬ 
standing  of  the  phoiorchemicfl  proceeaes  in  the  stratosphere,  -since  it  is  only  by  postulating  sn  esose 
sink  due  to  natural  nitrogri  odd*  at  the  i  to  10  pph  level  that  current  theories  are  able  to  account 
for  the  natural  concentrations  of  osone  in  the  stratosphere.  It  may  be  that  other  factors  such  as 
eelsr  radiation,  stratospheric  circulation,  refinement  of  chemical  rate  coefficients  and  hitherto 
unconsidered  chemical  sinics  My  all  play  a  role  in  bringing  theory  closer  to  allurement. 


The  authors  are  gyateful  to'Proiessor  <2  M  B  Dobson  for  making  available  the  hitherto  unpublished 
Oxford  osone  records  and  to  R  Smart  who  helped  with  the  analysis  of  the  osone  records.  This  paper  is 
publtohsd  by  permission  of  the  Director-General  of  the  Meteorological  Office. 
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1.  . Pressure  (a)  iad  Seepereture  (b)hiatoriee'for  eevoa  shells  due  to  to*  asccU  ware  around  1»  10 
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m  2,  Vitri/s  Oxidjocnoeotrationi.  m  a  function  of  tiaa  for  a  10  KX -explosion  for  (a)  aboil  h 
{b>: afeaUL'J  sil'Xc). eiell^  6.  &•  pressure  andHempertturerhie  «'**e  are  also  plotted. 

Tig  ?.  Sssothel  oeriatxoua  from  monthly  saasa  of  total  osoae-fro*  17  stations  in  the  period 
1957  to  1970  and  the  integrity  and  timetable  of  nuclear  explosions  in  this  period. 

lit  *>•  Percentage  increase  trpreeiedja  If  .per  decile  for  the  total  ottoae  calculated  from  the 

;  deHa^itvM  af.  the  montnly  for  1?  stations  oxer  3  yearly  interrels  ;frem  1953  to  1959* 
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fig;  5*  Sedation  of  monthly  total  osone  from  the  mean  of  that  month  for  Oxford  and  Area*  fron 

1925‘to  1971*  Faints  for  Iwmary  to  Haroh  :inelusixe«  shea  the  total  ocone  is  at  its  meat 
Variable, '  ari  denoted  by  6,  whilst  ♦  is  used  for  all  other  months,-. 


Discussion  on  Paper  3 

“Nitrogen  Oxides,  Nwricar  Weapon  Testing,  Concordes  and  Stratospheric  Ozone” 
presented  by  P.Go!  '.smith 

H  S  Johnston 

As  Z  painted  out  in  ay  talk,  the  effect  ot  nitrogen  oxides  on  stratospheric  ozone  depends  both  cn  the 
quantity  and  the  distribution,  let  me  coesaeitt  on  each  of  these  separately  with  respect  to  this  paper*- 

A.  The  e hook-wave  theory,  used  in  this .paper  involves  simplifying  approximations  that  profoundly  change 
the  vary  quantities  they  wish  to  calculate.  It  appears  that  Goldsmith.-  et  al  did  not  apply  corrections 
for  the  cooling  of  the  shock  wave  by  the  endothermic  dissociation  of  oxygen.  At  6000°K,  for  example, 

O2  is  almost  totally  dissociated  to  atoms;  and  each  cueb  dissociation  removes  Tl3  kilocalories  per  role 
from  the  kinetic  energy  of  the  shocked  gases.  This  strongly  endothermic  reaction  would  reduce  the 
temperature  and  clow  down  the  shock  wave  is  their  zones  1,  2  and  3,  end  this  attentuaticn  of  the  strength 
of  the  check  wave  would  be  propagated  into  regions  4,  5  ana  6.  The  maximum  temperature  attained  is 
thereby  strongly  reduced  in  all  zones.  It  in  not  a  matter  of  whstheqjahould  be  1.4  or  1.3;  the  failure  to 
include  the  chemistry  of  diescciation  in  the  fluid  dynamics  of  the  shock  wave  is  to  neglect  one  of  the 
most  important  energy  terns  in  the  problem, 

'  1  . 

On  this  natter,  it  may  not  bo  necessary  to  speculate  or  to  carry  out  calculations  with  highly 
approximate  models  of  spherical  shock  waves.  It  appears  that  spectroscopic  observations  cf  NOx  in  nuclear 
explosions  were  carried  out  in  1953.  let  Se  quoto  excerpts  from  »n  unpublished  document  from  the 
lawrenca  Idvoraoxa  Laboratory* 

Memorandum,  June  23;  1971  to  Harry  Reynolds  from  Horaar.  Bonner,  "...the  only  real  data- that 
emerged  yore  the  NHL  spectral .measurements  on  fireballs  in  the  1953  series  at  NTS.  These  were 
summarized  in  JAMS  -  1935  by  £*  Witt.” 

”(1).  In  LAMS  «  1935,  Be  Vitt  susem-ixes  the  duta  on  KOx.  The  presence  of  NO  is. not  observed,  but 
NOj  and  HK02  are  observed. .  (The  absence  of  NO  is  perhaps  not  surprising  since  there  is  about  20  times 
more  ozone  produced  than  NOg*  Ozone  reacts  rapidly  with  NO,  so  the  presence  of  ozone  almost  auto¬ 
matically  rules  out  NO)." 

"For  sereral  shots  of  about  10  kt  the  light  absorption  by  NC^  bauds  reached  a  maximum  at  about  the 
tiao  of  the  temperature  minima.  The  amount  of  NO2  was  equivalent  to  roughly  a  0.4  sa  column  of 
NOj  at  standard  conditions  (1  atm,  0°C).n 

,!The  radius  of  a  fireball  at  the  minimum  is  W0*^  ft  if  W  is  in  kt  (Glasstoue).  Thus  a  10  kt  fireball 
.  would  have  a  radius  of  about  250  ft,  or  75  metres.” 

•'If  the  NO  is  uniformly  distributed  in  tha  fireball,  the  mole  fraction  of  NO,  will  be  0.4  m*/75m  * 

5  x  10-®."** 

fee  volume  of  a  sphere  with  75  meters  radius  is  1.76  x  lO^cm^.  If  NO,  is  5  x  10~^  of  this  volume, 
its  partial  volume  is  8.8  x  ICPca*.  At  2.68  x  1019  molecules  «~3  (STP),  the  number  of  molecules  of 
2©2  is  2.4  x  10™  for  the  10  kiloten.abot,  which  scales  to  2.4  x  102®  for, a  megaton  bomb.  The  figure 
derived  by  Goldsmith  fetalis  2  s  1CP2  mol*,  ules  of  NO  per  <5T,  whihh  differs  from  experimental  observ¬ 
ations  by  a  factor  of  SioQO.  Note  that  czcse  r»e  observed  spectroscopically,  whereas  Goldsmith  et  al  -gay 
ozone  was  negligible.  . 

There .appears  to  be  a  major  conflict  between  this- shock-wave  thsory  end  the  observations  male  op  the 
fireballs  in  1953*  It  is.  possible  that  there  were  srr<x«-e  in  the  aiiperimental  data  or  in  the  interpretation 
of  that  data.  In. any  caso,  the  approximations  used  ty  Goldsmith  et.al  are  such  as  to  cause  th  v  greatly 
to  cvereatisate  the  esount  of  nitric  oxide  that  wsaid  bo  produevd  by  the  shock  mechanism. 

A  detailed  treatcent  of  the  c-Aclcar  explosion,  -t&t  radiation  offsets,  the  shock  wave  includ  ~ .& 
molecular  dissocieticn-  r-tl  the  state  of  the.  primary  fir *4*11  aft ir  the  »&dck  wave  has  left  and  as  it 
reaches  6006°K  here  b-*u  worked  out  by  Ssthe,  Srcde,  Gilmore;  and  others.  These  results  are  summarized 
by  Brodft,  and  hi «*  article  .should  be.  the  starting  paint  for  wtudiec.  c?  this  problem.  A  mass  of  air  equal 
to  the  GCOC^K  fireball  is  the  oinimos.r&asa  of  . air  that  will  hova.a  ”£ro*ca-cu,t"  solution  of  nitric  oxide 
with  »  sole  fraction  of  (7  or  8)  x  10"*3  (the  .equilibrium  value  at  2C00°X)t  2he  saxicua  mass  of  air 
that  .aid  attain  the  characteristic  freeze-cut  mixture  of  nitric  oxide  is  that  uhiih  can  be  heated  to 
20CO°K  by  oiririg  together  the  6020°  fireball  and  ambient  a'-.  If  the  cold,  air  is  blended  with  t *„«  hat 
air  06  that  the  ecoiast  Air  alv**yo  reaches  a  temperature  of  2000°  or  sore,  the  maximum  .yield  of  nitric 
oxide  in  attained,  2f_.t>ie  hot  sir  ia  rapidly  injected  j«t  by  jet,  sc  to  speak,  into' the  surrounding  cool 
air  such  that  the  .coolant  «ir  never  reaches  .2000°,  then  the  minimum  yield  of  nitric  oxide  is  realised. 
Theoretic,  of  the  xaximim*  yi.cld  to  the  minimum  yield  is  the. ratio  b?  the  enthalpy  function  <Ejc  -  K°293) 
at  S0C<P  to  that  mt  2000°,  including  the  energy  of  molecular  di.8sociatlca.  in  *ic  enthalpy  functions. 

ThjLs  rx^io  is  approximately  6, 

Lot  n«  rjve  toother  quotation  fro>s:ihe  ar»crnncu=  by  boraon  Lochet-i 

‘1'hhve  se-ie  cf  thvsasisd*  credible  production  of  SO*  ...  2  have  tads  the 

ads  -ption  that '.the -2000?  equllibriuB. cone enj.ratioa  exvvts  throughout  tbe.Vbluse  of  air 
thst- had- hetn  heated -fcy-sficck  or  otherwise}  to  at  least  =0&3°  ...lS'-3rcj»,  Annual  Reviews 
vf  Nuclear  dciooco,  1§6S)."  -  "  . 

The  eaxisiitf  yield  cf  citric  oxide  round  5sy  Bonner  is  C«2-x  10^-  molscules  NO  per  aegaton  bcab 
yield,  The_e*v:ue<l  estioarr  sf  the  ^rxisus -nitric  oxide  product  IcncC  $iv«n  byjFoley  end  Badenan 
1*0  x  Mleeoleo  bC-pcr  NT.  xinimi:  yield  of  nitric  oxide  predicted. -by  this  model  s 
J*1?  “  bv, Bonner  ucodi.'&.l?.  x  10^-  1/K?  by.Foley  and  Suderaac.  Thr  lov  yield  observed 

\ZaSSc  -  193$)  he  4hcrt  VuaeC  is  perhaps  -to  be  inter  pretef  as  shewing-. the  relative  ynixportanc#  of  the 
vhock  Hschonixm  5a  fcrcJng  «0jc«  -  FsihCpm  thmne  oVsemtiono  dc  not  include  th^.peHod  of  eotraiwest- 


■  3-13 


r.o-j.uini;  of  L fireball  *.  '  20CO°.  (The  report  LAMS  -  <935  is  still  clarified,  and  the  experimental 
doin''  ire  »*  •  r.'j  it.  the  ncaorendun  by  Benner). 

,a-^j  estimates  of  HO  production  do  not  include  the  effect  of  wash-out  by  the  precipitation  that 
occurs  i'i  tho  bomb  cloud  oa  it  approaches  aabieat  temperatures  in  tho  upper  troposphere  or  lower 
stratosphere.. 

The  high  solubility  of  HSO,  and  (HO  +  HO.,)  in  water  indicates  a  much  nigher  primary  wash-out. of 
KO^  in  the  bomb-induced  precipitation  than  the  wash-out  for .products  such  as  etrontius-90. 

90 

&,  Tho  distribution  of  nuclear  debris  in  the  stratosphere  is  known,  in  teres  of  measured  Sr,  excess 
I^C,  etc.  Over  90  per  cent  of  the  explosion  yield  in  the  1961-62  seriec  occurred  at  73  H,  above  the 
arctic  circle  ot  Novaya  Zcmlya,  Over  75  per  cwrit  of  this  90.  per  cent  occurred  in  September  through 
December,  during  or  just  before  the  arctic  night.  Tne  nitric  oxide  catalyzed  decomposition  of  ozone  is 
a  photochemical  reaction,  which  does  not  occur  da; lag  the  arctic  nieht.  The  ozone  forcing  region  of  the 
globe  is  indicated  by  Figure  10  in  ay  report.  There  is  relatively  little  overlap  be' ween  the  spatial 
distribution  of  90Sr  during  1962-71)  and  the  ozone  forming  region.  Much  of  the  nuclear  debris  remained 
at  low  elevations  and  at  far  northern  latitudes.  If  a  realistic  estimate  is  made  of  how  ouch  nitric 
oxide  was  produced  by  the  nuclear  bombs,  it  is  found  that  the  distribution  in  space  and  tine  was  such 
that  the  ozone  column  should  have  been  reduced  by  only  a  few  per  rent  at  most,  and  it  should  have  taken 
at  least  five  years,  1955-66  to  build  back  up  to  prc-1$o1  levels. 

P  Goldsmith 

Tho  reply  to  Prof.  Johnston's  points  is  better  made  if  the.  whole  subject  of  nuclear  weapon  shock 
waves  and  the  subsequent  chemical  kinetics  is  nf>r.  in  context. 

It  is  of  course  true  that  the  propagation  of  a  chock  wave  through  a  fluid  medium  requires  knowlcdgo 
of  the  interna,  energy  on.  each  side  of  the  strong  shock  front  (which  for  gases  appears  to  be  typically 
of  the  order  of  a  mean  free  path  thick).  This  presents  no  difficulties  for  the  air  in  advance  of  the 
front}  however,  the  composition  and- hence  internal  energy  of  tha  air  immediately  behind  the  shook,  front 
is  determined  by  the  recent  history  of  the  shock  itself.  Thus  to  solve  the  problem  accurately,  one 
should  in  principle,  numerically  integrate  the  equations  of  action  coupled  with  the  expropriate  kinetic 
equations  describing  the  temporal  evolution  of  the -composition.  At  temperatures  greater  than  about 
7000K,  sir  becoaea  ionised  to  a  significant  degree;  there  }z  insufficient  knowledge  of  the  individual 
chemical,  and  {hysical  processes  in  such  conditions  to  successfully  model  the  composition.  This  diffi¬ 
culty  cay  be  circumvented  by  using  empirically  measured  values  of  V1  ,  the  ratio  of  specific  heats,  aa 
n  function  of  temperature.  However,  even  this  say  not  be  satisfactory,  for  the  reason  that  local  thermo¬ 
dynamic  equilibrium  may  not  exist  behind  tha  shock  front.  It  seems  likely  that  tha  diatemie  gas 
immediately  behind  the  3hock  front  will  bo  in  translational,  and  probably  rotational  equilibrium;  however, 
it  will  not  be  in  vibrational  or  chemical  equilibrium.  There  say  well  not  be  time  curing  the  shock's 
traversal  of  a  mean  free  path  for  large  amounts  of  dissociation  to  take  place;  hence  deposition  of  energy 
by  the  shock  front  in  dissociation  of  Hj  and  02  molecules  may  not  slow  tho  propagation  to  the  degree  that 
Johnston  suggests.  Thi3  nay  offer  an  explanation  of  why  the  Tcylcr  theory  predicts  for  a  1  KT  event, 

130  msec  to  reach  the  2000K  surface  when  )f  =  1.4  and  90  msec  when  ^  =  1.3.  This  is  in  reasonable  agree¬ 
ment  with  Brods's  statement;  "At  a  tiao  of  about  80  nsec  for  this  example  pf  \  H?  at  sea  level,  the 
shock  wave  ha r.  expanded  and  weakened  to  such  on  extent  that  the  shock  temperature  is  relatively  low,  of 
the  ordes  of  2000°...,".  This  sugse°ts  tunc  our  treatment,  particularly  with  =  1.3  is  not  invalidated 
by  Johnston's  argument  as  far  as  speed  of  shock  propagation  is  concerned.  However,  an  the  chemical  kinetic 
processes  use  up  energy,  the  remanent,  shoexed  gas  will  cool  more  rapidly  than  in  a  non  reacting  gas. 

Our  chemical  kinetic  modelling  3h^.s,  however,  that  equilibrium  calculations  of  composition  are  of  little 
-  value  in  the  2-XO-7COCK  region.  Thus,  although  pure  oxygen  is  largely  dissociated  at  6000K,  under  the 
conditions  in  the  cooling  shocked  air  masses  a  "local  squilibriua"  ie  set  up  between  our  reactions  12, 

13,  14  and  15,  resulting  in  a  much  lower  oxygen  r.toa  number  density  and  a  higher  nitric  cxids  number 
density  thai  predicted  by  an  equilibrium  calculation  lucluding  reactions  3  and  4.  This  affect  was 
predicted  by  D*ff  and  Dxvidson,-  and  observed  by  Caano  said"  Feinoerp;  it  is  also  apparent  in  our  chemical 
kinetic  results.  This  means  that  even  if  dissociation  nnd  hence  cnesisal  kinetics  were  important 
issediatuly  behind  tho  shock  front,  the  energy  loss  in  the  2000-700C?.  region  would  not  be  us  largo  ®o  if 
molecular  oxygen  wore  being  dissociated;  it  costs  ~  118  kcai  to.  dissociate  a  cole  of  oxygen  aolacu.es, 
bat  only  *■>  42  kcal  to  produce  two  moles  of  nitric  oxide  from  a  cole  of  nitrogen  and  a  mole  of  oxygen. 

The  fept  that  one  would  he  dissociating  HO  instead  of  Og  also  moves  the  effect  to  higher  tempera turer 
and  smaller  radii,  so  decreasing  the  impact  upon,  or?  results.  Because  tho  ionization  potential  of 
nitric  oxide  is  rather  lose  than  the  dissociation  energy  of  molecular  nitrogen,  modelling  the  composition 
above  about  700QK  in  difficult.  Above  IOCOOK  the  strongly  shocked  air  first  cools  and  is  then  reheated 
by  the  diffusion?!  advenes  of  the  radiation  front;  this  further  complicates  consideration  of  the  inner 
regions.  We  have  therefore  deliberately  excluded  any  nitric  oxide  production  frsQ  air  mao-  -  which  have 
readied  temperatures  higher  than  about  pOCC&i  it  saee3  unlikedy,  however-,  that  no  nitric  02  e  will 
result  from  dissociated  and  ionized  air  upon  cooling,  so  that  wc  have  probably  underestimated  in  this 
respect. 

However  «  fir  m  coupling  between  chemistry  of  dissociation  and  the  fluid  dynamics  of  the  shock 
wave  is  concerned,  it  must  be  res  entered  that  since  the  tine  taken  for  the  shock  to  traverse _s  scan  free 
pall),  and  the  shock  front  is  only  a  few  £esk  fres  paths  thick,  is  somewhat  shorter  than  the  bise  scale 
of  the  chemistry,  the  absorption  of  energy  froa  the  shock  by  chemical  processes  is  net  of  cajOi  importance, 
lo  view  of  this  the  chemistry  should  be  coupled  with  the  cool ins  curve  rather  than  the  shock  propagation. 
Because  of  the  relatively  small  conversions  to  nitric  exide  and  the  lew  concentrations  of  free  nitrogen 
and  oxygen  atoms  this  shyuld  not  greatly  affect  our  calculations  away  from  the  hotter  inner  core. 


Finally,  Msiaportant--  point  to  be  Bade  on  this  issue  concern*  the  definition  of  the  shock  strength 
of  nuclear  exr lesions.  It  is  ay  understanding  that  the  weapon  energy  yields  expressed  in  aogatons  of 
'^equivalent,,  is  dofined  by  the  observed  shack-  Taylor  has  analysed  photographs  of  the  first  atomic 
exploaioa  in  New  .Mexico.  He  applies  his  blast  wave  theory  to  the  position  of  the  front  ac  a  function 
of  tifie  for  radii  between  10  .and  185  metres.  He  deduces  that  the  energy,  in  the  absence  of  radiation,., 
■dissociation  or  ionisation,  required  to  drive  the  observed  blast  wave  is  equivalent  to  about  17  KT  taking 
Y  »1«4.  One  can  also  show  that  Taylor's  amuyoio  also  predicts  about  the  right  teoperature  of  the  gas 
hceediafcely  oahihd  the  shock  frant  when  it  ceases  to  be  luminous;  for  air  this  is  about  2000K.  The 
photographs  suggest  that  the  shock  wave .and  fireball  separate  at  a  radius  of  130  setres.  At  this  point 
Taylor's'  nodal  gives  a  -front  teoperature  of  about-  2400°K  for  ^  =  1.4. 

If  all  other  assessments  of  the  energy  of  explosions  describe  the  shock  wave  so  accurately  then  our 
description  of  the  teaperatura  and  pressure  profiles  for  the  regions  around  2000°K  oust  be  fairly 
realistic; 

Hefei -ring  to  the  ceosurasonts  quoted  by  Professor  Johnston,  it  ia  difficult  to  comaent  upon  quotations 
froa  unpublished  docuaents.  But,  the  following  consents  nay  be  pertinent. 

Sr  .('ohnston  hinself  has  pointed  out  (LEL  1421)  that  the  ultra-violet  radiation  froa  the  fireball 
itself  will  produce  ozone  in  the  air  outside  the  shocked  air  masses,  and  so  the  detection  of  this  ozone 
in  no  w?,y  invalidates  uur  finding  that  ozone  production  by  the  chock  wave  is  negligible.  Moreover  the 
observations  of  nitrogen  coo  pounds  must  have  been  tsaae  through  the  ozone  which  would  prevent  reliable 
observation,  whether  by  absorption  or  emission,,  of  the  spectra  of  gases  in  the  shocked'sir  mass  at 
wavelengths  less  than  290  fan.  It  is-.perhaps  no  coincidence  that  the  gases  observed,  NO2  sad  HN02,  eait 
in  the  CV  or  visible  beyond  this  wavelength.  If  infrared  observation  was  used,  it  is  again  not  likely 
that  NO  would-be  61  ervod-  2  hope  the  observations  will  be  published  eo  that  their  iull  relevance  to 
the. nitrogen  oxide  production  can- be  properly  assessed; 

Vith  rogard  to  the  H02  oeagurcaent,  a  study  of  the  teoperature  dependence,  of  the  ^~N0_7  /  /-NO ~J 
ratio  in  oiir  (pon-equi librlua )  calculations:  shows  that  it  is  extras ely  unlikely  that  II02  will  be 
uniformly  distributed  in  tho  fireball-.  In  fact,  it  is  likely  to- be  in  the  cooler  outer  shell,  where 
at  I5p0n  we  calculate  «  Bole  fraction  of  ~  10“  ,  in  good  agreeaent  with  Zel'dovich  and  Raizer,  but  a 
factor  of  20  lower  than  De  Witt's  figure  Tor  a  uniform  distribution _in  the  whole  fireball.  Again, 
without  further  detailed  information  about  the  nature  and  tine  resolution  of  the  spectral  observations, 
cunoidered- conclusions  are  impossible. 

With  regard  to  the  last  point,  concerning  the  "freezing  out"  of  (7  or  8)  x  10"^  sole  fraction  of  NO, 
the  equilibriua  concentration  at  200GK,  it  .will  be  seen  that  we  have  covered  this  point  ia  our  paper, 
where  we  demonstrate  the  inadequacy  of  equilibriua  treatments  (consider  the  MO  production  in  shell  6 
for  the  different  sizes  of  weapon).  Further,  the  physical  aechacisa  by  which  the  6000K  air  oass  is 
produced  is  not  satisfactorily  explained;  cur  point  ia  that  the  shock  wave  has  produced  the  nitric  oxide 
in  ah  air  mass  which  has  cooled  well  below,  2C00K  before  significant  nixing  or  ascent  has  coaoenced. 

The  agreement  between  Bonner's  figure  of  0.8  x  iCp^  Boleculo3  of  NO  per  negaton  as  the  ssxinua 
credible  production,  Foley  and  Ruderr5a.i's  figure  of  10^  nolecules  of  NO  per  megaton  (apparently  after 
reduction  by  a  factor  of  two  to  allow  for  th.e  specific  heat  of  air  at  2000K)  ana  our  figure  of  -v  10?* 
coleouloo  of  NO  is  fortuitous  in  view  of  differences  in  the  treatments  of  the  chcatcal  kinetics  used. 

Ve  have  used  what  is  in  principle  the  «  -rect  sethod,  namely  integration  of  the  chemical  kinetic  equations 
through  the  pressure-temperature  historiea  of  the  heatod  air  as;  it  cools  to  temperatures  below  2G00K. 

I;  is  quite  clear  froa  this  that  equilibriua  treataents  are  invalid,  aid  that  the  relative  rates  of  the 
cheaical  kinetics  and  the  cooling  processes  need  to  be  calculated  properly  for  each  individual  pressure- 
teuperature  history. 

The  point  about  HN’G-,  NO  and  NO-  being  soluble  in  water  is  not  relevant  since  wo  know  that  virtually 
~!1  the  radioactive  debris  froa  an  air  burst  of  greater  than  about  1  HT  is  transported  into  the  stratos¬ 
phere,  despite  the  fact  that  anny  of  these  radioactive  products  are  soluble  or  act  os  condensation 
centres  for  the  cloud  droplets.  There  is  no  reason  why  the  soluble  nitrogen  coappunds  should  not  be 
oitsilarly  transported  to  and  stay  in  the  stratosphere. 

Finally,  Professor  Johfuiton's  point  about  the  importance  of  the  distribution  of  injected  nitrogen 
wddes  applies  equally  to, lt»-  vertical,  an  well  as  ics  latitudinal  distribution.  Nor  can  the  question 
of  distribution  be  properly  considered  without  taking  into  account  the  consequences  of  the  ataospberic 
cations  is  the  etratcejhere.  This  especially  applies  to  the  ozone  in  the  lower  stratosphere  which  is 
not  produced  there  by  photochemistry  but  is  itself  a  consequence  of  the  transport  processes.  It  is  ay 
view  that  an  acceptable  theorsti;cl  assessment  cf  the  iapact  of  anthropogenic  idtrogen  cxides  aust  await 
tho  outcccs  of  cosplex  nunoricnl  global  no dele  of  the  stratosphere  which  incorporate  a  realistic 
description  of  these  notions  and  their  driving  forces  ieierlinkod  with  the  photochcaistry. 

Meanwhile,  there  is  no  doubt  that  oz-me  records- subsequent  to  the  periods  of  nuclear  tests,  aaay 
of  which  were  in  equatorial  regions  and  injected  zaterir-1  at  the  levels  of  ozone  saxinus,  chow  that 
these  injections  have  not  effected  the  ozone  to  any  detectable  degree.  This  fast  gives. soso  degree  of 
confidence  that  the  Bodelis  .will  ultimately  show  that  the  ozone  levels  in  the  ataenphere  are  not  in  a 
delicate  state  of  balance  as  far  ea  nitrogen  oxides  from  Concordo  are  concerned. 

A  £  Oppenhe&a 

Ihe  cssputfctiena  of  the  effect  of  sjtoa  bosb  explosions  on  which  the  authors  based  most  of  their 
conclusions  ’eft  ou t  sobc  ieperiani  jhencsena  -  principally  those  associated  with  transport  processes  - 
that  Boy  affect  their  results  bj  perhaps  orders  of  magnitude. 


P  Goldsmith 


I  think  ny  reply  to  Cr  <Iohnston  covers  this  point.  '  " 

B  «T  Gelinas 

Studies  of  0*  response -to  HQ  injections  by  nuclear  teats  see*  to  consider  only  cean  densities, 
which  are  (wbjectpto  ^r^'riuctUQtioMi  frt«a  natural  causes  slono,  Consideration  of  nean  square 
densities  via  autocorrelation  functions,  pr'chbir  pover  spcctrn,  on  existing  0,  concentration  date, 
should 'provide  a  systeaatic  aeans  bf.a^essip^characterifltic  periods,  or  frequencies,  associated  with 
causal  aedian'icas,  eg  diupnel  variations,  se&dbtti .  forcing  factions,  solar  variations,  and"  ^SKrtemal** 
forcing  functions  eg  nuclear  testa.  Better  yet  wetud  be  cross-correlation  analysis  of  0,  concentrations 
♦fitls  radioactivity  level  data,  ihthat, ouch  analysis  often  filters  ov.t. unwanted  noise.  Indeed,, 
correlation  analysis  on  existing  data  can, provide  a  guide  as  to  lie  extent  to  which  cause  and  effect  has 
any  signi'f Icasce^at  ail  in  t'he:  availp’jleidats. 

Question:  Have  you y  or  others, .  actcspted. each  an  analysis  bn  the  existing  data  ba- 
PGoldssitH  . 

The  authors -we  have  cited,  Willett  (1062),  London  h-Oltaac;  dad  Christie  (1972),  hare  clearly  Bade 
usd  of  both  autocorrelation  and  cra3s-c or r elat ion  ts-chniquea,  and  ve  have  ourselves  considered  the 
investigation  of  the  contribution  :of  yaripus"-tirie  scales  to  the  .total  variance/of  the  oaone  aaount  by 
aeans  of  the  F-test.  But?  the  fact  that  host  of  the  testing  oi  high  yield  nuclear  weapons  in- the 
ataosphere  was  confined  to  two  closely  spaced  caapoigus  in  1951-62  severely  limits  the  usefulness  of 
any  cross-correlation  techniques.  'It  is  cooputut Anally  posfiibleto  find  thelcrossreorrelatipn  of  the. 
bioheiaaount  witb-n  Heaviside  step rfiactiqR,  .iMt  it^tdli  not,  tell  you  anything' that  is  not  implied  by 
'the  ..naive  calculation  of  neahs-  before  wdjfaf Seri-  -  - 

E- Hess  treat  ... 

2h'iir;pa»>ef  certalMy  represents  an  ia'portvnt:  contribution  to  the  diocusaion.on  the  effect,  of  KO^ 
<Biecibnai:upbn  the. osqno  layer.  I^bee  no  r esson  to  doubt  the  coaputatiuns  and.as  fully  willing  to 
accept  the  figur'ei  given  .for  boab-injected  h^.  Hawwf.%  ;l<have.  a  feeling  asfcny  will  draw  thb 
conclusion  that  the  baabrteatg  had:  no  efffe't^on^babne.  This  is  npt;;what  the; author  said.  Ihe  con¬ 
clusion' to 'be  drawn  io  that  the  bcab  testsdidnpi,  result  in  a  decrease  in  acxifle  ^ich  can  be  neen  in 
thb'  bzone  record*;  Ve  'imp*  that  large  variations  in  asbna,  froo  day  to  dey;  had  froa  yesr  to.yeaic,  are 
caused by  vwiations  in.  the  circcSatiqn. Variations.  L» ozone  of  the.^rder  of  a  few  per  cent,  for 
iaatrhce.:  caused  ty;bcaba  or  £5T,  are  unlikely  to  show  u-'  in‘-the-rec6f'’«» 


.  , 4.1 

-DETAJLF.D  EXHAUST  EMISSION  MEASUREMENTS 
OF  THREE  DIFFERENT  TURBQF4N  ENGINE  DESIGNS 

A.  VV.'Nelson,  Praft!&  Whitney  Aircr«ft,'46oMiinStreet,  East  Hartford,  Connecticut  06108,  USA 

-A  series  of  test  programs  ..was  conducjco  to  better  define  the  exhaust  emission  characteristics  of  three  different  P&WAT  B  engine 
models:.  jt.fie.JT3D,  a  low.by pass  ratio  tiirbofan  ermine;  the  JT8D,  a  rriixed.flow  turbofan  engine;  and  the  JT9D,  a  high  bypass  ratio  ror- 
bofan  engine.  Special  investigations  conducted  on  the  JT3D  and  JT!?&  engines  to  investigate  inlet temperature  and  humidity  effects. 

Analyss  of  th^dafawas  flipplementedwitb  previously  obtained  datain  order  to  increase  the  range  of  variables  investigated.  For  the 
mixedjflow  JTWD  engine,  special  teste  were  conducted  using  an  engme.espeoillv  modified  to  physically  separate  the  fan  and  core  engine 
streanap  that  true,  undiluted  emission  measurements  could  be  obtained.  Three  different  rhethbds  were  used  to  evaluate  the  emission 
levels  of.each  engine  inode!:,  multipoint  rake,  exhaust  case  pressure  probes  and  super-detsujed  traveisirig.  Analysis  of  the  latter  method 
produced  highly  refined  contour  piots;pf  00,  THC  and  NOjj  emission  frotprintx  as  well  as  exhaust  temperature  and  pressure  variations 
at  the  piand  ofthe  tailpipe.  The  average  emisaoh  levels  obtained  by  each  of  the  three  measurement  methods  are  compared. 

Ouricsthe  summer  of  1971,  the  EnyHpntaentsi  Protection  Agency  (EPA)  contracted  with  several  different  test  organizations  to 
conduct  a  .seiria  of  aircraft  engine  exhaust  ermss&n  measurement  programs,  the  results  of  these  test  programs  were  compiled  and 
analyzed  by  UrcOomeU  ^ronauticaliabofatopvh«i.,Md  were  reported  by  References  l  and  2.  Tire  results  showed  a  significant 
scatterband  for  practically  all  of  ths.engine  models  tested.  The, scatter  of  the  data  for  one  standerd  deviation  in  the  Environmental 
•Protection ;  Agency  Parameter  (EPAP)  units  (pounds  of.pc^utant  peril  GOO  pound  thrust-nour  per  cycle)  for  the  various  turbojet  and 
hnbgfan  engines  is  stsotvn  tn  Figure  1,  Included  is  the.EPA  documentation  programs  were  the  three  Pratt  &  Whitney  Aircraft  (P&WA™ ) 
engines  which  are  rnoh-Vridely.ukd  m  tqdiiy!s  commercial  aircraft  fleets;  both  UJ5.  domestic  and  work!  «Ss:  the  JT8D  turbofan 
engine,  which  powers  the  shorter  range  Boeing  737. 727,  the  Jd  XonneU-bduglas  DC-9  and  Dassault  Mercure  aircraft;  the  jf 3D 
turbofan  engine  which  powers  fire  longer  range  Boeing  707  arid  McponheB-Dougks  DC-8,3ircraft;  arid  the  JT9D  high  bypass  ratio 
.tusbpfari.chgi|6  which  powers  Am  Bceing„747  aid  the  McDonrieU-DouglS  D&l 040 jumbo  jet  aircraft. 

ONE  STANDARD  DEVIATION  AS  A  PERCENT  AGE  OF  MEAN  EMISSION  LEVEL 
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Figure'!  Data  Scatter  in  EI‘AP  Units  for;V«iot«  Turbojet  and  Turbofan  Engines 

Because  of  the  importance  of  these  engines  in  the  world’s  commercial  aircraft  , flwts,  and  in  order  io  attempt  to  establish  the  causes 
fpr.the  significant  data  scatter  in  Up  EAA-sponsorcd  programs,  Pratt  &  Whitney  Aircraft  has  conducted  a  series  of  mdeper.oent  pro* 
..grams  Involving  these  three  engine  models.  The  data  scatter  noted  the  EPA-sponsorcd  programs  could  be  attributed,  m  varying 
dejptei  fa  tire  following  factors: 

•  Ambient  temperature  and  humidity 

»  Run-to-mn  differences 

•  Engine-to-engne  differences 

»■  ■-Instrumentation  variations 

•  Faciiity-to-fadlity  differences, 

and  in  the  case  of  m«cd  flow  turbofsn  eopnes'- 

•  Sampling  problems  due  to  fan  sir  dilution: 

"  fT3D.Enjpne.Tert  Series 

Ambient  temperature  anu.fiumidity  sanations  between  test  nuts  were  corisktered.to  be  two  ofthe  ntorc  important  factors  af¬ 
fecting  the  ieveisof  exhaust  cm^sjorv  asrirtsfiemi.  A  program  w»  established  to  investigate  the  effect  of  these  two  factors  on  emis¬ 
sion  level,  as  well  as  to  determine  the  emisiOR  yaiHtions  in  the  phae.of  the  tailpipe.  The  engine  selected  as  the  test  vehicle  for  this 
iUTjstjgrdipn  was  the  JT3D  turbofan  crigi‘nc,.wldch.hss  a  iow.Cl.4.1  /bypass  ratio  and  is  in  the  1 8000  pound  (EPA  T2)  thnist  class. 

.The  results  of  thc>  program  arejulfy  described  ta-Refcrence  3.  tesumritary  it  was  found  that  the  levels  of  catbou  monoxide  (CO)and 
the  oxides  0:  nitre gsn  (bOy)  are  signiSenUy  affected  by  changes  in.be  tit  tnlct  temperature  and  humidity,  while  the  Icvci  of  hydro¬ 
carbons  (HQ  was  found  to  be  entered  by  humidity  alone.  These  trends  (sort  fceeatsc  of  data  set  uncertainties,  they  should  only  be 
considered  ss  trends)  . were  obtained  by  liieosc  of  ettasaon  math  models  developed  fcy  statistical  methods  (regression  analyses)  using 
both  fire  date  obtained  in  the  P&WA  independent  program  plus  all  of  the  JT3D  data  obtained  in  the  EPA-sponsored  programs.  By 


sekctinjspecific  cajuse  power  conditions,  it  is  possible  to  examine,  I#  the  use  of.  the  models,  the  trends  of  emission  level  with 
cQiitfW  of  tiieseinibient  variations.  The  result  at  idle  power  for  CO  is  shown  in  Figure  The  variation  of  NOv  at  takeoff 

jrevrer  is  shown  ih  Figure  4. 


mcffcwiex 


UKHNS  INUTTUIKfUnmE 


Figure  2  CO  Trends  with  Ambient 
Changes  at  Idle  Power 


'  •>  Figure  4  NOx  Trends  with  Ambient 

Changes  at  Takeoff  power 


Traverses  taken  at  t!ie  plane  of  the  ta:Jpipc  using  the  very  detailed  grid  pattern  shown  in  Figure  5  were  analyzed  to  determine 
both  the  area-weighted  average  emission  level  and  the  variations  in  emission  levels  at  the  tailpipe  plane.  These  isopleths  for  CO,  HC 
and  NOj-  are  shown  in  Figures  6, 7  and  8. 
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TAILPIPE  VIEWED  FROM  REAR 

Figures 


Traverse  Emission  Sampling  Points 


LOW  POWER 
THRUST  *  845  LBS 
INLET  TEMP -60°? 


LOW  POWER 
THRUST  •  845  LBS 
INLET  TEMP- *0°? 
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El  •  1 1 4.3  LBS/1000  LBS  FUEL 


El  -  102.1  LBS/1000  LBS  FUEL 


Figure  6  Isopleth  for  Carbon  Monoxide  at  Low  Power  Figure  7  Isopleih  for  Total  Hydrocarbons  at  Lew  Power 

HIQH  POWER 
HUtUST  ■  18,215  LBS 
INLET  TEMPERATURE  -  S0°F 


m 


El  -  112  LBS/1000  LBS  FUEL 


Figure  8  Isoplctli  for  Oxides  of  Nitrog.tr.  at  High  Power 


The  heavy  line  on  each  of  the  plots  represents  the  average  emission  level.  It  is  interesting  to  note  that  the  pattern  of  high  hydro¬ 
carbon  levels  seems  to  reflect  the  pattern  of  the  four  struts  in  the  exhaust  case  of  the  engine.  The  emission  —"cm  for  CO  and  NO^ 
appears  to  reflect  the  eight  burner  cans  of  the  engine. 

Because  of  the  relatively  large  variations  in  the  tailpipe  plane,  the  emission  figures  obtained  from  the  area-weighted  traverse  aver¬ 
ages  are  believed  to  provide  the  most  accurate  vaiue  of  ar'uai  emission  levels.  In  this  test  scries,  a  constant  constant  60°F  inlet  tem¬ 
perature  was  maintained  during  such  traverses,  and  also  during  certain  of  the  engine  emission  calibration  using  the  multipoint  rake. 
Also,  only  a  small  specific  humidity  variation  was  recorded  Analysis  of  the  traverse  data  together  with  the  emission  characteristics  in¬ 
dicated  by  the  multipoint  rake  data,  permits  fairly  accurate  estimates  of  emission  levels  for  this  engine  mode!  to  be  determined.  By 


the  use  of  the  emission  trend  math  models  developed  durrng  this  test  sjrics,  it  can  be  computed  that  the  EPAP  (En.  ironmenta!  Pro¬ 
tection  Agency  Parameter)  for  this  engine  can  significantly  vary  with  changes  in  ambient  conditions  as  shown  in  Table  1  below. 

ESTIMATED  JT3D-3  EPAP  VARIATION 

Pounds  of  Poliutant/1 000  Pound  Thrust-Hour/Cyde 

EPAP 

Ambient  '  Specific 


Temperature 

Humidity 

CO 

THC 

N0X 

2S°F 

.001 

111.8 

*6 

3.4 

60°  F 

.008 

31.0 

** 

3.7 

85°F 

.019 

11.6 

*• 

3.5 

•*  Data  Set  Inadequate  to  Define  Hydrocarbon  Emission  Trends 

f-  ^ 

It  should  be  recognized  that  these  emission  levels  were  obtained  from  the  testing  of  experimental  engine  models.  Because  of  develop¬ 
ment  program  demands,  the  operating  characteristics  of  experimental  engines  frequently  vary  from  those  of  engines  of  the  same  model  cur¬ 
rently  in  production.  Although  the  emission  levels  shown  here  have  not  been  verified  by  test  results  from  production  engines,  the  trends 
are  considered  to  be  representative. 

JT8D  Engine  Test  Series 

A  series  of  emission  tests  were  also  carried  out  for  the  JT8D  engine  model.  This  engine  is  in  the  14.500  pound  thrust  class  EPA  . 
(T4)  and  has  a  low  (1.1:1)  bypass  ratio.  Additional  test  programs  were  considered  necessary  not  only  because  this  engine  model 
showed  a  large  amount  of  data  scatter  during  the  EPA-sponsored  programs  (See  Figures  9, 10  and  1 1 )  and  also  because  of  the  dif¬ 
ficulty  in  sampling  the  exhaust  of  mixed-flow-type  turbofan  engines  in  that  both  the  non-vitiated  fan  air  stream  and  the  vitiated 
core  engine  gas  stream  are  discharged  through  a  common  nozzle  (Figure  12).  Thus,  there  can  be  considerable  mixing  of  the  “clean" 
fan  air  with  the  pollutant  bearing  exhaust  of  the  core  stream.  Although  the  effect  of  this  complicating  factor  on  emissions  sampling 
was  recognized  by  P&WA  at  the  beginning  of  the  EPA  program,  the  only  information  available  to  us  at  the  time  was  a  detail  traverse 
of  the  exhaust  plane  to  obtain  smoke  readings  made  a  year  earlier,  trispectioo  Of  a  plot  of  these  data  suggested  that  a  12-point  sampling 
rake,  designed  with  sampling  points  at  centers  of  equal  areas  for  the  exhaust  plane  of  the  JT3D  engine,  would  provide  sufficient 
coverage  to  the  core  engine  stream  of  the  JT8D  engine.  One  of  the  other  measurement  organizations  was  also  concerned  about  the 
sampling  prohlem  of  mixed  flow’’ engines  and  reportedly  used  a  single  point  probe  at  the  engine  centerline  to  record  low  power  emissions.. 


Figure  9  Data  Scatter  of  Carbon  Monoxide  Figure  10  Data  Scatter  of  Total  Figure  11  Data  Scatter  of  Oxides  of 

in  JT8D  Engine  Emissions  Hydrocarbons  in  JT8D  Nitrogen  in  JT8D  Engine 

Engine  Emissions  Emissions 


MIX6D  FLOW  TURBC.FAN  ENGINE 


FAN  BURNERS 


•'  SEPARATE  FLOW  TURBOFAN  ENGINE 


Figure  1 2  Comparative  Dia  jams  -  Mixed  and  Separate  Flow  Turbofan  Engines 

in  recognition  of  the  importance. of  the  JT8D  in  the  world's  commercial  aircraft  fleet  and  because  of  the  necessity  to  answer 
questions  concerning  the  actual  emission  level  and  the  best  methods  for  measurement  of  this  engine,  Pratt  &  Whitney  Aircraft  under¬ 
took  a  series  of  test  programs  to  try  to  better  document  and  understand  mixed  flow  engine  emissions.  It  was  then  concluded  that  the 
best  way  to  determine  emission  levels  accurately  for  the  mi  xed  flow  JT8D  engine  was  to  eliminate  the  effects  of  mixing  by  physically 
separating  the  fan  ahd  core  engine  gas  streams  and  measuring,  in  great  detail,  the  emission  level  of  the  core  engine  stream.  A  JT8D  ex¬ 
perimental  engine  was  modified  by  removing  the  outer  tailpipe  plus  the  short  core-enpne-“mixer”  duct  (Sec  Figure.  13).  A  96  inch 
long  core  engine  tailpipe  was  fabricated  and  bolted  to  the  core  engine  exhaust  case.  The  long  lengthof  this  tailpipe  was  provided  in 
order  to  promote  better  uniformity  of  emission  level  at  the  plane  of  measurement  and  to  preclude  any  interference  of  the  fan  stream 
with  the  core  engine  emission  measurements.  The  exit  nozzle  was  sized  to  closely  match  the  normal  core  engine  operating  character¬ 
istics.  The  operating  characteristics  of  this  separated  gas  stream  engine  were  found  to  approximate  closely  those  of  a  standard  JT8D 
engine,  except  for  the  expected  thrust  discrepancy,  o>-  me  rmal  support  required  for  the  extended  exhaust  nozzie. 


CONVENTIONAL  ENGINE 


CORE  FLOW  TEST  ENGINE 

Figure  i3  Modification  of  JT8D  F.nginc  for  Cere  Stream  Emission  Test 

Three  sampling  methods  were  used  to  measure ,lhc  core  engine  exhaust  emissions;  (1 )  twelve  point  rake  was  modified  to  locate 
the  respective  sample  pickup  points  at  centers  of  equal  area  for  the  core  engine  tailpipe  discharge  area.  Th  rake  was  used  to  collect 
exhaust  samples  to  document'cmlssion  characteristics  during  the  complete  power  range  engine  calibrations,  (2)  emission  measure¬ 
ments  were  taken  during  these  calibration  runs  by  extracting  simples  from  toe  turbine  case  exhaust  pressure  probes;  and  (3)  a  traverse 
mechanism  «*•  Jso  mounted  behind  the  tailpipe  for  multipoint  measurement  of  emissions.  A  grid  spacing  c"  3  inches  (Figure  14)  was 
selected  for  the  traverse  testing  providing  )7-point  coverage.  An  additional  8  traverse  points  were  also  taken  to  investigate  boundary 
conditions  at  two  different  radii]  locations  Six  such  traveises  were  mn  at  engine  power  settings  spaced  betw??.n  idle  to  takeoff.  Plots 
of  these  traverses  dadosedrelativclv  small  gradients  for  all  emissions  measured,  the  largest  gradients  being  observed  for  hydrocarbons 
at  low  power  where  again  the  hydrocarbon  level  appeared  tc  be  influenced  by  turbine  case  struts  upstream. 

Comparison  of  the  emission  data  obtained  from  the  varioia  sampling  methods  used  shows  remarkably  good  agreement,  as  shown 
in  Figures  IS,  16 and  17. 
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Figure  V5 


Core  Engine  Emission  Test 
Results  -  Carbon  Monoxide 


Figure  16 


Core  Engine  Emission  Test  Figure  1 7 
Results  -  Total  Hydrocarbons 


Core  Engine  Emission  Test 
Results  -  Oxides  of  Nitrogen 


As  a  finai  check  on  emission  level,  the  engine  was  reassembled  with  the  standard  mixed  flow  tailpipe,  and  tnree  traverses  were 
conducted:  one  at  high  power,  and  the  other  two  near  the  idle  power  retting.  The  same  3-inch  grid  spacing  that  was  used  for  the  core 
engine  emission  level  was  also  used  for  the*  traverses.  Tilts  spacing  together  with  additional  points  to  investigate  boundary  effects 
produced  a  total  of  90  separate  points  coveting  the  tailpipe  area.  Isopleths  of  the  haver*  results  confirmed  the  large  variations  in 
emission  levels  in  the  exhaust  of  ?  mixed  flow  engine,  and  are  shown  m  Figures  18, 15  '  10.  The  heavy  line  in  eacy  isopleth  repre¬ 

rents  the  average  emission  lev-1.  The  shaded  area  represents  emissions  higher  titan  as  ,  he  unshaded  areas  lower.  Each  of  the 
fine  lines  represent  a  20  percent  deviation  from  the  average. 
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Figure  18  Isopleth  for  Carbcn  Monoxide  Figure  19  Isopleth  for  Total  Hydrocarbons  Figure  20  Isopleth  for  Oxides  of  Nitrogen 
at  Low  Power  at  Low  Power  at  High  Power 


The  data  obtained  in  this  program  were  analyzed  several  ways.  They  were  first  analyzed  on  the  basis  of  high  pressure  rotor  speed, 
this  analysis  producing  emission  levels  generally  higher  than  those  previously  measured  in  other  test  programs.  Recently,  the  data  were 
analyzed  versus.tugh  compressor  discharge  (burner  inlet)  temperature  (Tj^),  and  appeared  to  minimize  the  data  variations  due  to  inle* 
temperature.  By  entering  this  analysis  using  standard  day  values  of  production  engine  T74  levels,  significantly  lower  emission  values  are 
computed.  These  levels  when  transcribed  into  EPA  units  arc  listed  in  Table  2,  below. 

ESTIMATED  JT8D-9  EPAP* 

POUNDS  OF  POLLUTANT/ 1000  POUND  THRUST-HOUR/CYCLE 
CO  THC  NOx 

12.12  2.21  7.04 


•EPAP  Emission  Level  for  60‘F  and  .008  Lbs. 

HjO/Lb  of  Air  Specific  Humidity 

As  noted  for  the  JT3D  engine,  these  data  results  have  not  been  verified  by  comparable  testing  of  production  engines.  In  addition 
it  has  not  been  posable  to  obtain  sufficient  data,  taken  while  using  similar  sampling  methods,  to  develop  trends  of  emission  level  with 
ambient  changes  for  this  engine,  or  variations  in  Emission  index  from  engine  to  engine. 

JT9D  Engine  Test  Series 

The  test  programs  conducted  for  the  JT9D  engine  were  directed  to  investigate  the  following  areas: 

1 .  The  ambient  temperature  effects  on  emission  level  for  a  large  turbofan  engine. 

2.  The  emission  level  variation  at  the  plane  2  inches  beh! >d  the  tailpipe  for  this  engine. 

3.  The  effect  of  water  injection  on  exhaust  emission  levels. 

The  JT9D  engine  is  a  high  (5  •  1 )  bypass  ratio  turbofan  in  the  45,000  pound  (EPA  T3)  thrust  class.  In  the  normal  sea  level  test 
s*and  configuration,  the  exhaust  of  the  engine  is  readily  accessible  for  emission  measurement.  A  total  of  631  separate  emission  t-st 
points  were  taken  in  the  P  Jest  scries. 

As  an  experiment,  the  exhaust  emissions  for  the  initial  part  of  the  program  were  sampled  using  two  multi-point  rakes  mounted 
in  tandem,  one  mounted  in  the  normal  vertical-horizontal  orientation  and  the  other  rake  rotated  AS"  from  this  position,  as  shown  in  - 
Figure  21.  TIw  arrangement  was  selected  to  improve  the  emission  measurement  accuracy,  but  was  found  to  be  unnecessary,  how¬ 
ever.  because  of  the  relative  uniformity  of  exhaust  emissions  from  this  engine.  The  initial  test  scries  was  confined  to  baseline 
calibrations. 


Figure  2 1  Tpndcm  Multipoint  Exhaust  Emissions  Sampling  Rakes 


Th6  testing  was  followed  by  ail  investigation  of  the  effects  of  water  injection  on  the  emfcion  characterjstics  of,ths  JT9JS  «i*jne. 

Such  testing  wis  po'ssibli  because  certain  modcls.of  the!  JT9D  are  equipped  with  water  injection  for  takeoff  augmentation.  The  normaf 

later  injection  raw  8f 30,0001te/iirajj«B  «  water  rate  of  20,000 Md.l 0,000  ibs/hf.  were  rnvesttgated  at  several  en^e  power  £tUnga 
in  the  high  powcf  range.  'tto.ee»^ind^^/^i»Bh  substantial  decreases  in  theemiMion  level  of  Jive  oxides  ^f 
were  obtained,  there  w?h  a  distinct  trend  toward  substantial  increases  in.  the  levels  of  both  carbon  monoxide  (CO).asd Jtydrocar^ 
./HQ  as  showhin  Figures  22.23  and  U  Although  the  base  (dry)  levels  of  these  latter  two  emisaons  are  very  tevtrti^poww  <#*<£ 
t£onI;ey-en  slight  increases  In  level  cannot  be  tolerated  with  respect  to  the  possibilities  of  achieving  ttie  proposed  1<»79  EPA  goals,  if  the 
prbpose)0?.79  goals  are  to  be  acliieyed. 


O  WITHOUT  WATER  INJECTION 

with  iojooo  eb/hr  water  injection 

2  «-  vtifH  20,ooo  iatm  Water  inj.ectiom 

3  SC’VWTH  SOjoeb  LB/HR  WATER  INJECTION 


o  WITHOUT  WATER  INJECTION 
1.  ££  WITH  10.000  LB/HR  WATER  INJECTION 

2  jCC  WITH  20.000  L6/HR  WATER  INJECTION 

3  WITH  30,000  LB/HR  WATER  INJECTION  - 
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Figure  22  CO  El.  With  erd  Without  Water  Injection 


* 

.3-  , 


HIGH  COMPRESSOR  DISCHARGE  TEMPERATURE,  °F 

Figure  23  THC  El,  With  and  Without  Water  injection 
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Figure  24  N0X  El.  VV’ith  and  Without  Water  Injection 

The  water  injection  testing  was  followed  by  a  detailed  investigation  of  the  emission  variation  by  traversing  in  a  plane  two  inches 
behind  the  plane  of  the  tailpipe.  The  traverses  were  maue  at  five  (5)  engine  power  settings,  with  three  of  the  traverses  conducted  at 
or  near  the  idle  power  setting  and  two  othervin  the  high  power  nogs.  Each  traverse  consisted  of  81  individual  emission  tesi  points 
arranged  in  a  radial  pattern,  as  shown  in  Figaro  25.  The  isopleths  of  the  emission  data  show  relatively  small  emission  gradients*  as 
compared  to  similar  isopleths  obtained  for  the  JT3D  and  JT8D  engine  models.  Typical  plots  of  CO  and  HC  at  idle  power  and  NQx 
at  high  power  are  jhown  in  Figures  26, 27  and  28. 


Figure  25  Traverse  Emission  Sampling  Points 
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Figure  26  Isopleth  for  Carbon  Monoxide  at  Low  Power  Figure  27  Isopleth  for  Total  Hydrocarbons  at  low  Power 
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Figure  28  Isopleth  for  Oxides  of  Nitrogen  at  High  Power 


Following  the  traverse  test  program,  a  limited  program  was  condu-ted  to  investigate  the  effect  of  ambient  temperature  varia¬ 
tions  on  emission  level  for  this  engine.  Tire  program  w  as  nece*s jrily  limited  because  the  large  airflow  sue  of  thH  ensne  prohibits 
J is  ore  of  a  nor.-x-tislcd  type  of  inlet  air  heater.  The  normal  inlet  air  heater  used  for  this  engine  bums  natural  gas.  and  ranrsot  be  used 
Cot  emsssiun  measurement  testing  because  »he  combustion  by-product  s  of  the  hteter  would  affect  the  level  of  exhaust  emission  met* 
summer,  u.  It  was  therefore  newsary  to  rely  on  natural  ambient  air  tenjpemture  changes*  very  time-consuming  pfoce».  The  test 
procedure  followed  was  to  record  tmisrym  mcasuramentscach  time  ‘he  ambient  temperature  changed  approximately  10®F.  A  total 
of  42  emission  points  were  taken  o«r  a  temperature  range  of  39”  F  to  S^F.  The  results  of  hits  testing  were  augmented  by  the  re¬ 
sults  of  the  initial  calibration  testing,  which  was  conducted  at  a  temperature  ranee  of  60“F  lo  75* c.  The  humidity  range  for  the  data 
used  for  th-iamtsent  temperature  effect  analysis  ranged  from  .COiS  to  jDi  1  pounds  of  waicr/pound  »ir  spcc.ite  humidity.  Analysis 
of  the  data  obtained  during  this  limited  testing  suggested  the  following  emission  level  trends  with  inlet  tcmfiralutc  cnange. 


^®£iindard  Day  *  Measuret’ 
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The  data,  when  dotted  again:  compressor  discharge  tempt...  ure  ( T-j-q),  shows  excellent  consistency,  as  shown  in  Figures  22, 

23  .end  24. 

By  using  the  emission  da*a  obtained  during  this  test  series,  together  with  the  estimated  inlet  temperature  trends  evidenced  by  the 
data  set,  the  variation  ir,  EPAP  for  the  JT9D-7  engine  can  be  estimated.  These  values  are  shown  in  Table  3,  below: 

Estimated  JY9D-7  EPAP 


Ambient 

EPAP 

Tcmper-tura 

CO 

THC 

NOx 

2S°F 

9.73 

2.65 

1.83 

59°F 

7.84 

1.76 

5.46 

85“F 

6.50 

1.28  . 

7.04 

Conclusions 

Even  though  Pratt  &  Whitney  Aircraft  has  conducted  an  extensive  series  of  investigative  programs  for  its  major  commercial  engine 
models,  accumulating  mo;  hah  2200  separate  emission  test  measurements,  there  remains  a  large  number  or  questions  to  be  answered. 
First,  the  testing  conducted  ro  date  has  verified  significant  effects  of  ambient  temperature  and  hunvdity  change  on  the  teyeb  of  the  three 
exhaust  pmivdnn*  (termed  pollutants).  It  is  considered  however,  that  the  testing  conducted  to  date  is  only  adtnuate  for  indie,  ring  trends, 
and  not  for  indicating  analytically  acceptable  cc  section  factors.  Much  has  been  learned  concerning  test  procedures  and  method*  of  anlysis 
which  can  be  ipp'ied  to  future,  more  definitive  programs.  Such  programs  arc  necessity  to  equilibrate  emission  data  particularly  when 
certifying  engine!  to  meet  restrictive  standards. 

Much  has  also  been  learned  in  these  programs  con  cerning  the  procedures  required  to  document  adequately  emission  levels  and  char¬ 
acteristics  of  turbojets  and  separate  flow  turbofan  engines.  It  appears  that  multipoint  rakes  can  be  calibrated  to  provide  emission  mea¬ 
surements  rclaUble  .  _  the  true  emission  level  of  the  engine  as  established  by  detailed  traversing.  The  accurate  measuren.rr.t  of  mixed 
flow  turbofan  engines  presents  a  more  difficult  sampling  problem  because  of  larg'-  emission  gradients,  which  are  caused  by  San  air  dilu¬ 
tion.  At  present .  accurate  measurements  can  only  be  accomplished  by  very  detailed  traversing.  Additional  programs  should  be  conduc¬ 
ted  t«  develop  sunnier  methods  of  exl.  lust  emission  sampling  for  this  type  of  engine. 

There  are  other  factors  which  require  programs  for  more  precise  idcntificatic.i  or  reduction  of  their  effect  on  exhaust  emission 
levels.  Instrumentation  variation  can  effect  exhaust  emission  far  more  than  the  electronic  error  stated  by  the  manufacturers.  Most 
of  the  instruments  used  are  “laboratory  type”  .instruments  adapted  for  field  use.  Not  only  is  the  error  of  the  instrument  to  be  consider¬ 
ed,  but  also  the  error  of  instrument  operator  or  technician.  Another  source  of  instrument  error  can  come  from  calibration  procedures 
as  well  as  from  the  reference  gases  used  for  calibration  rime  most  are  rot  ramble  to  any  nationally  recognized  standard  (Reference  4). 

All  of  these  factors  can  contribute  to  inaccurate  emission  measurement,  o:id  should  be  defined.  These  factors,  as  well  as  sampling  dif¬ 
ferences,  together  make  up  what  may  be  called  “farility-tir-facfliiy”  differences. 

Programs  should  also  be  established  to  define  possible  “engine  to  engine”  and  “run  to  run”  differences  on  a  large  number  cf  prod¬ 
uction  engines.  Although  these  two  differences  may  b:  small,  they  should  be  recognized  and  defined. 

It  is  considered  extremely  important  that  these  many  factors  affecting  exhaust  emission  levels  be  accurately  defined.  This  must  be 
done  before  restrictive  emission  standards  which  require  combustor  technology  levels  dose  to  the  current  state-of-the-art  can  realistically 
be  applied  ot  emoreed  for  aircraft  gas  turbine  engines. 
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Discussion  on  Paper  4 

“Detailed  Exhaust  Emission-Measurements  of  Three  Different 
Turbo  fan  Engine  Designs” 
presented  by  A.W.Nelson 


W.Blazowski:  You  said  you  had  a  very  bad  correlation  between  the  calculated  fuel  air  ration  from  the  mission  data 
anfi  actual  performance  when  you  had  a  muiti-pqint  rake  and  then  later .said  you  had  a  good  agreement  between  the 
CO  hydrocarbon  data  that  you  obtained  with  the  multi-point  rake  and  that  which  you  obtained  with  a  very  detailed 
havers  Are  you  really  saying  that  with  a  very  detailed  traverse  you  still  got  poor  agreement  between  the  fuel  air 
ratio  measured  and  fuel  air  ratio  calculated? 


A.W.Nelson;  No  The  nuilti-point  rake  data  -  all  that  dat  1 1  have  shown  in  tile  carbon  monoxide  curve  were  taken 
during  the  core  engine  .test  that  we  ran  and  on  this  test  we  used  a  multi-point  rake  which  was  designed  for  the  core 
air  flow  only.  This  produced  good  results.  That  was  the  JT8D  core  multi-point  rake  data;  and  this  agrees  well  with 
the  detuned  traverse  that  we  made  of  the  normal  tail  pipe.  However,  if  we  take  the  normal  tail  pipe  and  we  put 
a  multi-point  rake  flint  has  certers  of  equal  area  with  regard  to  that  larger  tail  pipe,  then  we  do  not  get  representative 
results. 


W.BL’zowski-  So  the  multi-point  rake  in  the  normal  tail  pipe  and  the  detailed  traverse  in  a  normal  tail  pipe  do  not 
agree?  •  •: 


A.W.Nelson:  That’s  right. 


A .M ..Mellon  How  steady  in  time  are  the  isoplcths  which  you  present? 


A.W.Ne!son:  Many  of  the  traverses,  upon  which  the  isopleths  were  derived,  required  over  100  test  points  to 
adequately  define  the  emission  characteristics  at  the  engine  exit.  This  required  testing  times  on  the  order  3 
to  5  hours  to  complete.  Inlet  temperature  conditions  were  maintained  as  steady  as  possible.  On  some  of  the 
tests,  inlet  hea;  exchangers  were  used.  Analysis  shows  little  change  in  actual  engine  conditions  throughout  each 
test 


R-W.Vrh«ler:  Did  you  when  you  made  your  analyses  use  the  EPA  proposals,  the  ones  published  December  1 2, 
1972?  There  arc  some  curious  analytical  suggestions  in  there.  One  in  which  (he  carbon  monoxide  analyzer  is 
heated,  and  the  water  of  combustion  is  held  up  right  through  the  whole  system  and  passed  right  through  the 
CO,  presumably  to  krep  the  total  volume  of  sample  the  same  and  to  avoid  correction  for  water.  Many  analyzers 
used  in  this  regime  will  give  an  enormous  water  response  and  quite  inaccurate  results.  Is  it  really  necessary  to  hare 
this  EPA  system  it  which  the  water  is  fully  dropped  out.  Could  we  not  correct  for  it  instead  and  allow  the 
analyzers  to  work  in  a  nice  condition. 


A.W.Nftijo.t.  We  did  use  the  EPA  recommended  astern  all  except  for  the  oxides  of  nitrogen  where  we  used  the 
NDIR  NDOV  units  rather  than  the  chemi-luminescent  measurements.  1  cannot  answer  your  question  with  regard 
to  the  CO  meter  running  dry  rather  than  wet. 

rJ,Veikzmp:  In  your  experiments,  yo  i  measured  large  increases  in  r O  with  water  injection.  Reaction  kinetic 
CAlinilatidns  predict  simultaneous  reductions  in  both  NOx  and  CO  With  wafer  injection.  Therefore  the  experimental 
increase  in  CO  does  not  agree  with  the  .  redicted  decrease  in  CO  and  leads  to  two  questions: 

(1)  Whai  type  of  water  injection  system  did  you  use  in  the  experiments? 

(2)  Have  you  tested  ether  water  injection  systems?  Based  upon  experience  with  water  injection  in  the  747 
engines  (some  of  which  use  water  injection  and  some  do  not),  does  water  injection  adversely  affect  the 

~  durability  and  life  of  the  engines  which  use  water-injection? 


A.W.Nelson: 

(1)  The  water  injection  system  used  m  the  JT9D  engine  injects  water  directly  into  the  primary  zone  of  the 
combustor. 

(2)  We  have  not  measured  effects  on  emission  change  with  other  types  of  water  injection.  The  use  of  water 
injection  .can  have  as  adverse  effect  on  engine  durability  when  the  water  used  is  riot  up  to  the  stringent  water 
purity  standards  which  are  recommended. 

M .Whit taker:  Could  the  speaker  say  to  what  extent  the  order  of  magnitude  change  in  CO  EPAP  measurements  on 
the  JT3D-3  were  accounted  for  by:  (i)  change  in  emission  index;  .fit)  change  in  engirie  condition. 

A.W.Nelson:  The  results  shown  were  obtained  from  a  math  model  developed  using  our  own  JT3D  emission  data 
plus  the  data  collected  for  this  engine  during, the  1971  EPA  program.  The  constant  input  into  the  model  was 
engine  thrust  or  power  condition.  The  variables  are  humidity  and  temperature.  Therefore  the  EPAP  change 
shown  is  in  the  emission  index. 


S-l 
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SUMMARY 


Aircraft  engines  emit  hydrocarbons,  carbon  monoxide,  and  oxides  of  nitrogen 
In  addition  to  the  main  combustion  products,  which  are  carbor  dioxide  and  water. 

The  hydrocarbons  undergo  atmospheric  oxidation  by  reactions  with  ozone,  atomic  oxygen, 
and  Various  radicals.  At  Low  altitudes  atomic  oxygen  and  ozone  production  is 
initiated  by  the  photo-dissociation  of  rsan-raade  nitrogen  dioxide  which  is  involved 
in  complex  chain  reactions  including  radical  intermediates  of  the  hydrocarbon 
oxidation.  At  high  altitudes,  ozone  formation  by.  nitrogen  dioxide  photolysis  is 
negligible  compared,  with  the  photolysis  of  molecular,  oxygen,  leading  to  the  natural 
ozone  production.  In  medium  altitudes,  both  natural  ozone  and  ozone  from  the  photo¬ 
lysis  of  anthropogenic  nitrogen  dioxide  way  be  of  importance*  .  depending  on  geographic 
and  meteorological  parameters.  At  ground  level  the  photo-oxidation,  of  hydrocarbons 
in  the. presence  of  nitric  oxides  can  lead  to  smog  formation,  whereas  at  higher 
altitudes  it  may  affect  the  natural  ozone  content  of  the  atmosphere.  The  sulfur 
dioxides  emitted  from  aircraft  burning  sul fur -containing  fuel  is  converted  to  aerosols 
which  affect  the  physical  conditions  of  the  atmosphere. 

v  ’  \ 

1.  INTRODUCTION 

Jet  engines  emit  essentially  the  same  gaseous  compounds  as  do  internal  com¬ 
bustion  automobile  engines.  Relative  pollutant  concentrations, 'however,  are  different 
and  depend  also  on  the  type  and  power  setting  of  the  jet  engine. 

It  is  well  known  that  photochemical  reactions  in  diluted  automobile  exhaust 
can  lead  to  photochemical  smog  formation.  This  process  has  been  studied  by  many 
scientists  and  is  thought  to  be  basically  understood,,  though  many  reactions  are  still 
speculative  or  based  on  indirect  evidence  only. 

It  will  be  the  purpose  of  this  lecture  to  outline  the  .mechanism  of  photo¬ 
chemical  smog  formation  and  then  to  discuss  its  applicability  to  aircraft  emissions, 
with  certain  modifications  which  take  care  of  the  differing  environmental  conditions. 

2.  THE  MECHANISM  OF  PHOTOCHEMICAL  SMOG 

Photochemical  reactions  in  the  atmosphere  transform  solar  energy  as  well  as 
chemical  potential  of  atmospheric  pollutants  into  oxidizing  power.  The  final  products 
of  the  oxidation  processes  are  carbon  dioxide,  water,  nitric  acid,  and  sulfuric  acid, 
as  well  as  their  salts,  and  other  gaseous  or  particulate  products  which  are  eventually 
removed  from  the  atmosphere  by  rain  or  other  physical  processes. 

Very  few  atmospheric  gases  absorb  light  frpra  the  sun  and  undergo  dissociation, 
which  is  essential  for  the  initiation  of  chemical  change  under  atmospheric  conditions. 
We  shall  at  first  restrict  our  discussion  to  nitrogen  dioxide,  which  is  by  far  the 
most  important  photochemically  active  pollutant  of  the  lower  atmosphere.  Figure  1 
shows  photoaction  spectra  of  NO,  at  ground  level  for  solar  zenith  ar' les  of  40^  and 
60?  with  respect  to  reaction  (lj,  which  is  the  dissociation  of  NO,  into  NO  and  an 
0(JP)  ground  state  atom: 

(1)  N02  +  hi*-»  NO  +  0(3P). 

The  photoaction  spectra  were  obtained  by  multiplying  the  known  solar  spectrum,*^.,, 
corrected  for  attenuation  by  the  atmosphere,  with  the.ofesorption  cross  section  o*' 
and  .the  quantum  yield  $  for  photodissociation  of  NO,.  '  The  short  wavelength  cutoff 
at  290  nm  results  from  light  absorption  from  stratospheric  ozone  iti  the  Hartley  and 
Huggins  bands.  Above  398  nm,  the  dissociation  limit  of  NOj,  the  quantum  yield  drops 
rapidly,  thus  restricting  the  photochemically  active  part  of  the  solar  spectrum  to  a 
narrow  band  between  290  nm  and  420  nm.  Integration  of  the  photoaction  spectra  in 
figure  1  results  in  lifetimes  of  2  and  3  minutes  of  NO,  molecules  with  respect  to 
photodlssociation  in  sunlight,  in  good  agreement  with  laboratory  experiments. 

At  atmospheric  pressure  the  lifetime  of  oxygen  atoms  from  {reaction  (1)  is 
only  14 with  respect  to  the  fast  three  body  recombination  <ith  oxygen  molecules 


Vsfiich  produces  =qzona: 


(2)  OC'P)  +  Q,  +  M-*  03  +  Mi 


However,  oxidation  of  NO  by  ozone  is  also  fast  at  ambient  temperatures  and  tends  to 
restall  the  initial  situation: 

(3)  NO  +  N02  +  0,. 

Its  an  otherwise  unpolluted  atmosphere,  ozone  formation  would  therefore  proceed  to  a 
photostationary  state,  depending  on  the  concentration  ratio  of  NO,  and  NO  and  the 
light  intensity.  This  is  hot  the  situation  observed  in  photochemical  smog.  It 
differs  in  four  respects: 

& 

1.  Hydrocarbons,  especially  olefins,  are  essential  for  photochemical  smog 
formation  and  are  used  up  in  the  process,. 

2.  Nitric  oxide,  which  is  a  primary  pollutant  in  car  exhaust,  is  quickly 
oxidized  to  nitrogen  dioxide ;  much  faster  than  can  be  explained  by 
reaction  with  natural  ozone  or  by  reaction  with  molecular  oxygen,  which 
is,  extremely  slow  at  low  NO  concentrations  . 

3.  t  Excess  'ozone  is  formed  in  the  course  of'  smog  formation. 

4.  Addition  of  carbon  monoxide,  usually  considered  chemically  inert  at 
ambient  temperature^,  changes  reaction  rates  in  photochemical  smog. 

These  characteristics  lead  to  the  conclusion  that  intermediates  are  f  rmed  by  the 
photolysis  of  NO,  in  the  presence  of  hydrocarbons  which  eventually  o  dize  excess  NO 
to  NO,  without  using  up  ozone,,  and  others  which  are  capable  of  reaction  with  CO. 

It  has  long  been  recognized  that  hydrocarbons  are  oxidized  in  polluted 
atmospheres  by  O-atoms  from  the  photolysis  of-NO,,  and  more  efficiently  by  the  ozone 
which  accumulates.  However,  ir«.  the  early  stages -of  a  smog  situation,  when  much  more 
NO  is  present  than  N0„,  and  very  little  ozone,  the  oxidation  of  SO  ar.<i  the  consumption 
of  hydrocarbons  would* proceed  at  much  slower  rates  than  is  actually  obse.-ved  were  it 
not  speeded  up  by  radical  chains.  These  chains  are  currently  believed  to  b_ 
propagated  by  OH  radicals-  This  assumption  is  corroborated  by  the  observed  CO  effect 
on  photochemical  rates,  which  has  been  mentioned  above  and  which  can  only  b_*  explained 
by  the  rapid  reaction  of  OH  radicals  with  CO: 

(4)  OH  +  CO  -V  H  +  CO,. 

H-atoms  from  (4)  recombine  with  molecular  oxygen  to. form  HO,  radicals: 

(5)  H  +  0,  +  K  *  HO,  +  M. 

The  oxidizing  species  which  convert  !J0  to  NO,  are  mainly  HO,  radicals  and  organic 
radicals  containing  a  peroxy  group,  e.  g.  through  reaction  (6): 

(6)  HO,  +  NO  -»  OH  +  NO,. 

4/ 

The  rate  c^stagt  of  reactiojji  (6)  has  recently  been  published  by  Stief  and  Payne  to 
be  3  x  10  *  cm  niolec.”  s”  with  an  uncertainty  factor  of  3.  According  to  the 
same  authors,  oxidation  of  CO  by  HO,,  radicals  is  far  too  slow  to  pl^y  a  part  in 
photochemical  smog.  Organic  peroxytcyl  radicals  are  doubtless  formed  in  the  course 
of  photochemical  smog  formation,  because  their  recombination  products  with  NO,,  e.  g. 
PAN,  have  been  identified  among  the  noxious  products.  Alkyl  peroxy  radicals  are  alsg. 
often  considered  as  potential  candidates  for  the  oxidatiori_qf  NO.  However,  Heicklen  ' 
conclude J  from  a  recent  study  of  the  photo-oxidation  of  azcmethane  in  the  presence  of 
NO  that  methylperoxy  radicals  and  probably  other  alkyl  peroxy  radicals  do  not  oxidize 
NO,  they  combine  instead  with  NO  to  form  alkyl  peroxy  nitrite,  which  is  scarcely 
observed  among  the  products  of  photochemical  smog. 

radicals  formed  iq  reaction  (6)  and  other  processes  rapidly  react  with 
hydrocarbons  or  aldehydes,  eventually  reproducing  HO,  and  other  peroxy  species  which 
represent  oxidizing  power.  Chain  termination  is  by  radical  recombination  and  by  H 
atom-  transfer-  from  HO,  to  other  radicals,  which  produces  stable  species  and  0,. 

Equations  (l;  through  (6)  comprise  some  of  the  most  important  reactions  which 
are  believed  to  occur  in  photochemical  smog.  Reliable  rate  constants  are  available 
except  from  reaction  (b),  which  has  been  measured  only  to  within  a  factor  of  3. 


teor 

>  \-5^g 


pi'll 

jMM 


mm 


tem 


-TV*  r.  j-p 

^0-4 

I 


Wmi 

hmm 

r-  1  _ 

1  T-;*‘ 


5-3 


Thoroughly  assessing  the  problem  of  photo-oxidation  of  pollutants,  however,  means 
considering  all  reaction  sequences  which  are  triggered  by  oxygen  atom  and  ozone 
reactions  with  olefins  and  other  hydrocarbons,  and  probably  other  initiation  reactions 
such  as  the  photolysis  of  HNO-.  Elaborate  seta  of  photochemical  smog  reactions  have 
been  worked  out  by  several  authors  and  computer  tested  on  smog  chamber  data,  from 
such  simple  systems  as  clean  air  containing  only  oxides  ofvriitrogen  and  propylene. 

E.  g. ,  60-reactions  were  selected  by  Niki  and  co-workers,  '  and  81  by  Hecht  arid 
Seinfeld.  Some  results  of  Niki's  computations  are  shown  in  figure  2,  together  with 
the  experimental  measurements  provided  by  Altshuller.  There  is  reasonable  agreement 
between  experiment  and  cc*  tation.  It  can  be  shown  from  these  computations  that 
OH  chain  reactions  are  * .mely  important  during  the  induction  period,  that  is,  when 
most  of  the  oxides.of  nitrogen  are  still  in  the  form  of  NO.  Later  on  ozonolysia 
accounts  for  up  to  SOS  of  hydrocarbon  consumption. 

One  might  argue  that  experimenter  data  are  easily  fitted  if  a  sufficient 
number  of  parameters  is  used.  The  situation  is,,  however,  less  discouraging  because 
most  of  the  rate  constants  which  are  important  in  the  scheme  are  known  from  reliable 
measurements.  The  computer  calculations  are  therefore  useful  for  predicting  the 
effects  of  change  in  relative  composition  of  pollutants,  total  concentration,  and 
light  intensity. 

Comparing  Niki's  and  Seinfeld's  schemes  reveals  that  considerable  disagreement 
exists  mainly  with  regard  to  ozone-olefin  reactions,  which  are  thought  to  contribute 
most  to  the  consumption  of  olefins  in  photochemical  smog.  The  primary  reaction  after 
addition  of  an  ozone  molecule  is  generally  accepted  to  be  the  Criegee-split  of  the 
olefin  into  a  carbonyl  compound  and  a  so-called  zwitter  ion: 

(?)  R-CH-CH2  +  03->  R-CH-00  +  HjCO 

or-  K2C-00  +  RCHO. 


Reactions  of  the  twitter  ion  in  the  gas  phase  are,  however,  very  little  understood, 
most  of  the  conclusions  being  drawn  from  product  analyses  of  ozone-olefin-reactions 
at  relatively  high  reactant  concentrations.  Niki  ^  assumed  a  rate  constant  of 
J0‘1®  cm3  tnolec."1  S~1  for  reaction  of  the  zwitter  ion  with  molecular  oxygen: 


(8)  R-CH-00  +  02-»  R-00-0  +  OH. 

Reaction  (8)  provides  both  oxidizing  power  ana  chain  propagating  OH  at  one  tine. 
Seinfeld,')  on  the  other  hand,  favors  decomposition  of  the  zwitter  ion  within  about 
three  minutes: 

(9)  R-CH-00  -4  HCO  +  ROv 


HCO  is  also  formed  by  reactions  ot  oxygen  molecules  with  terminal  olefins  and  is 
thought  to  react  with  molecular  oxygen  to  produce  HO2,  which  is  then  converted  to  OH 
by  reaction  with  NO:  . 

(10)  HCO  +  0,4  H0„  -5-  CO. 

Ozone-olefin  reactions  at  pressures  ranging  from  6  mtorr  to  200  torr  also  have  been 
investigated  In  our  laboratory,  using  a  220  ra^  stainless  steel  spherical  vessel®)  or 
a  flow  tube  as  a  reactor.  We  find  that  the  apparent  rate  constant  of  ozone  consumption, 
by  reaction  with  a  60fold  excess  of  6  mtorr  propylene,  strongly  depends  on  orygen 
pressure  in  the,  rang*  6  to  150  mtorr,  being  constant  at  the  higher  pressures.^)  This 
is  shown  in  figure  ?.  No  such  dependence  on  He  or  N-  pressure  up  to  several  100  mtorr 
was  observed,  which  excludes  adiabatic  heating  or  wall  reactions  as  reasons  for.  the 
observed  effect.  We  conclude  that  oxygen  selectively  quenches  or  reacts  with  some 
product,  probably  the  ewitter  ion  in  an  excited  state,  which  otherwise  decomposes 
into  fragments ,- consuming  fur the"  ozone. 

Such  a  process  is  certa  ly  quenched  at  atmospheric  pressure.  We  have 
there "ore  also  analysed  the  chemiluminescence  spectra  of  olefin-ozone  reactions  up  to 
200  torr  total  pressure. *0)  A  representative  spectrum  at  3  torr  pressure  is  shown  in 
figure  4.  Emission  from  electronically  excited  formaldehyde  is  common  to  all  olefins 
reacting  with  ozone.  When  olefins  with  one  or  two  substituents  at  one  carbon  atdra 
react  with  ozohe,  glyovcai  and  biacetyl  phosphorescence,  respectively,  are  observed. 
These  gompounds  result  from  the  recombination  of  HCO  radicals  and  CH^CO  radicals, 
respectively,  arid  are  therefore  indicative  of  the  dec*.  »position  of  zwitter  ions, 
according  to  reaction  (9).  In  the  red  and  infrared  wavelength  region,  OH  Heine!  bands 
from  vibrationaily  excited  OH  radicals,  excitation  up  to  v  *  9,  are  observed  from 
the  reactions  of  various  olefins  with  ozone.  Vibrationally  excited  OH  radicals  are 


fortied.  by  the  reaction  of  free  H  atoms  with  ozone.  Since  the  Meinel  bands  are  also 
observed  ait  200  torr  total  pressure,  and  with  little  loss  of  intensity,  H  atom 
formation  is  not  restricted  to  low  pressures  and  may  well  provide  a  major  atmospheric 
source  of  H  atoms. 

3.  APPLICATION  TO  AIRCRAFT  EMISSIONS 

The  photo-oxidations  mechanisms  of  atmospheric  pollutants  which  have  been 
outlined  so  far  were  developed  to  apply  to  photochemical  smog  formation  in  diluted 
automobile  exhaust,  which  governs  pollutant  composition  in  urban  atmospheres.  The 
question  arises  as  to  whether  these  mechanisms  may  be  applied  to  aircraft  emissions 
as  well. 

Jet  engine  emissions  differ  from  automobile  exhaust  by  a  much  higher  ratio 
of  nitrogen  oxldvs  to  hydrocarbons  during  take-off,  cruise,  and  approach.  In  the 
idling  mpde  on  the  ground,  hydrocarbon  emissions  of  jet  engines  increase  by  an  order 
of  magnitude,  olefins  and  aromatics  accounting  for  u'p  to  50%  of  the  total,  whereas 
NO  is  substantially  reduced  at  the  same  time.  The  CO  content  is  several  times  higher 
than  under  normal  cruising  conditions,  but  is  rtill  not  comparable  to  automobile 
exh.  u ’St.  Interestingly  enough,  the  oxides  of  nitrogen  from  jet  engines  contain  high 
pc'ri sentages  of  NO.  under  certain  conditions.  Values  of  around  50%  have  been 
reported  in  the  literature. This  is  clearly  in  contrast  to  automobile  exhaust. 

What  are  the  consequences,  of  these  statements  with  .respect  to  pollution  and 
pho .o-oxidation  reactions  at  airports?  -  It  is  highly  improbable  even  at  very  busy 
airports  that  pollutant,  levels  as  high  as  in  big  cities  will  accumulate.  Low  concen¬ 
trations,  especially  low  hydrocarbon  concentrations,  tend  to  decelerate  the  process 
jf  NO  to  NO.  conversion  under  the  action  of  sunlight  arid,  as  a  consequence,  excess 
ozone  formation.  This  is  experimentally  observed  and  is  also  predicted  by  computer 
calculations;  The  calculations  predict  that  the  higher  percentage  of  NO,  in  NO 
from  aircraft  ^partly,  compensates  for  the  dilution  effect  by  increasing  the  initial 
rate  of -energy  uptake  from  sunlight,  thereby  reducing  the  induction  period  of  photo¬ 
chemical  smog  formation.  Low  or  high  CO  concentrations  at  airports  do  not  seriously 
affect  the  rate  of  photochemical  change  of  pollutants.  CO  is  oxidized  by  OH  radicals 
from  the  photochemical ly  induced  reaction  chain,  if  the  CO  concentration  is  high 
enough  to  compete  with  OH-olefin  reactions,  which  are  two  orders  of  magnitude  fast- 
ej-12,  13). 

(4)  OH  +  C.0  ->  H  +  CO,. 

Reaction  (4)  is  chain  propagating  because  H  atoms  are  quantitatively  fixed  as  HO, 
radicals  which  re-enter  the  cycle,  e.  g.  through  cxidation'of  NO: 

(6)  HO,  +  NO  -»  OH  +  NO,. 

We  conclude  that  photochemical  smog  formation  at  airports  is  possible  and  is  enhanced 
if  the  NO,  content  is  high  tax  jet  exhaust,  since  NO,  is  the  light  absorbing  species 
of  atmospheric  photochemistry  at  ground  level. 

We  shall  now  consider  pollutants  from  aircraft  which  are  not  accumulated  in 
the  restricted  area  of  an  airport.  These  pollutants  are  emitted  into  the  atmosphere 
at  several  km  altitude.  With  the  exception  of  SST,  emission  is  in  the  troposphere. 

This  part  of  the  atmosphere  is  characterized  by  rapid  vertical  and  horizontal  mixing, 
which  precludes  any  danger  of  accumulating  high  pollutant  concentrations  in  limited 
air  masses.  At  low  concentrations  of  pollutants  in  vast  air  masses,  photochemical 
smog  formation  in  the  usual  sense  of  the  word  cannot  occur.  This  does  not  mean  that 
aircraft  emissions  at  higher  altitudes  are  not  subject  to  photochemical  change.  NO. 
certainly  absorbs  sunlight  which  at  higher  altitudes  is  more  persistent,  if  not  more 
intense,  in  the  important  wavelength  range  290  to  420  nis,  NO  is  oxidized  by  ozone, 
and  hydrocarbons  undergo  0-atom  and.  ozone  reactions  to  produce  free  radicals  which 
trigger  further  reactions.  But  two  very  important  deviations  from  the  situation  at 
ground  level  have  to  be  taken  into  account:  This  is  the  effect  of  extreme  dilution 
anu  the  temperature  effect. 

;  v  Extreme  dilution  very  much  reduces  reaction  rates.  Photostationary  states 
are  therefore  no  longer  established  within  short  periods  of  time.  The  starting  point 
is  no  longer  a  highly  unnatural  ensemble  of  man-made  pollutants  which  develop  their 
own  dynamics  under  the  action  of  sunlight.  The  question  is  now,  how  long  do 
pollutants  persist  in  a  more  or  less  undisturbed  natural  surrounding. 

This -question  can  be  assessed  if  the  pronounced  changes  in  temperature  and 
pressure  which  characterize  the  vertical  profile  of  the  troposphere  are  taken  into 
account.  The  temperature  profile  of  the  atmosphere  is  shown  in  figure  5.  Pressure 
is  on  a  logarithmic  scale  to  the  right  of  the  figure,  corresponding  to  an  approximately 
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linear  altitude  scale  which  is  plotted  on  the  left. 

The  altitude  dependence  of  che  rate  of  the  important  three  body  reaction  (2) 
is  plotted  in  figure  6. 

(2)  0  +  02  +  M  03  +  M. 

The  plot  shows  lifetimes  of  oxygen  atoms  in  the  atmosphere  with  respect  to  reaction 
(2)  as  a  function  of  altitude.  Except  for  a  very  weak  temperature  dependence 
resulting  from  a  negative  activation  energy  of  1  kcal,*^'  the  change  of  lifetimes 
closely  reflects  the  dependence  of  reaction  rate  (2)  on  the  square  of  the  air  density. 
There  is  also  a  pronounced  altitude  effect  on  the  rate  constant  of  two  body  reactions 
which  have  activation  energies.  The  rate  constant  for  oxidation  of  NO  by  ozone*5'  as 
a  function  of  altitude  is  plotted  in  figure  7.  The  mean  lifetime  of  NO  molecules 
with  respect  to  oxidation  by  r.  -*1  ozone  as  a  function  of  altitude  is  obtained  by 

multiplication  with  the  natural  o-  profile  of  the  atmosphere.  This  is  plotted  in 
figure  8.  showing  that  NO  has  a  maximum  lifetime  of  10  minutes  at  &  km  altitude. 

Also,  ozone-olefin  reactions, which  are  of  major  importance  in  photochemical 
smog,  are  gre-itly  retarded  at  higher  altitudes  by  the  temperature  effect.  They  have 
activation  energies  of  typically  2.5  to  more  than  .5  keal.  Rate  constants  which 
have  been  measured  in  our  laboratory  at  very  low  pressures  are  listed  in  figure  9.9) 

In  contrast  to  ozone  reactions,  reactions  of  oxygen  atoms  with  olefins  have  very. low 
activation  energies.*6)  Therefore,  atom  reactions  with  olefins  become  relatively 
more  important  at  higher  altitudes,  also  because  of  the  prolonged  lifetime  of  oxygen 
atoms  with  respect  to  ozone  formation  at  low  gas  densities. 

Important  radical  reactions,  e.  g.  of  OK  radicals  with  CO,  are  known  or 
assumed  to  have  very  little  or  no  activation  energies.  Their  rate  constants  undergo 
little  change  with  altitude.  Unfortunately,  no  information  is  available  on  the 
temperature  dependence  of  NO  oxidation  by  H02  radicals. 

Metastable  oxygen  molecules  in  the  a{*d  )  state  are  produced  in  the  higher 
troposphere  and  in  the  stratosphere  by  photolysis  of  ozone  below  611  nm.  A  great 
number  of  quenching  rote  constants  for  02  a(*2l„)  have  been  measured  in  our  laboratory 
under  simulated  high  altitude  conditions.*7**8'  These  long-lived  metastables  are 
extremely  slowly  quenched  by  atmospheric  gases.  It  has  been  proposed  that-  02  (*A  ) 
might  react  with  olefins  in  polluted  atmospheres  to  produce  peroxides,  opening  upg 
a  new  channel  of  pollutant  photo-oxidation.  Our  measurements  showed  definitely  that 
metastable  oxygen  does  not  react  with  simple  olefins  when  oxygen  atoms  are  excluded. 
This  seemed  to  settle  the  question  of  chemical  reactions  of  metastable  oxygen  with 
simple  olefins  in  the  atmosphere.  The  situation  changed,  however,  when  it  was 
observed  in  our  laboratory  that  intense  infrared  chemiluminescence  is  produced  above 
1.2/4,  figure  10  ,  when  HCO  radicals  are  reacted  with  metastable  02  (*d  ) .*9)  The 
reaction  is  probably  the  fastest  of  metastable  oxygen  molecules  in  the  gas  phase  with 
an  organic  compound.  Work  is  in  progress  to  further  investigate  this  new  type  of 
chemical  reaction  and  it3  prjducts,  which  might  contribute  to  the  photo-oxidation 
processes  in  the  higher  troposphere  and  the  stratosphere. 

4.  CONCLUSIONS 

We  conclude  that  the  photo-oxidation  mechanism  of  pollutants  from  aircraft 
and  other  sources  in  the  troposphere  undergoes  fundamental  changes  with  altitude, 
radical  and  atom  reactions,  aul  probably  reactions  of  metastable  oxygen  molecules, 
becoming  more  important  in  the  colder  regions  of  the  troposphere.  The  chain  oxidation 
of  CO  by  OH  radicals  is  still  effective  at  high  altitudes  and  is  enhanced  by  NO, 
which  reacts  with  H02  to  reproduce  OH.  Serious  contamination  of  the  troposphere  by 
aircraft  is  not  expected,  because  the  residence  time  of  pollutants  is  short  compared 
with  emissions  rates.  This  is  in  contrast  to  SST  emissions  in  the  stratosphere. 

SST  problems  are,  however,  beyond  the  scope  of  this  lecture,  being  treated  in  detail 
by  other  lecturers  at  this  meeting. 

So  far  I  have  not  mentioned  aircraft  sulfur  dioxide  pollution,  since  jet 
fuel  does  not  contain  touch  sulfur.  If,  however,  sulfur  dioxide  were  to  be  released 
into  the  troposphere  by  aircraft  to  any  gre-'t  extent,  the  pollutant  would  be  oxidized 
to  SO,  to  form  an  aerosol  through  reaction  with  water  vapour.  Oxidation  of  sulfur 
dioxide  is  possible  by  HOjt 

(11)  H02  +  S02-»  OH  +  SC3. 

Stlef  and  Payne^report  a  rate  constant  of  3  x  10  for  this  reaction.  SO2  ie  also 
oxidized  by  an  unidentified  intermediate  of  the  ozone-olefin  reaction,  but  not  by 
metastable  oxygen  molecules  a(xd  ).  Aerosol  formation  in  the  troposphere  from  air¬ 
craft  sulfur  dioxide  does  cot  se&n  to  present  a  serious  problem,  because  washout  is 


rapid.  Hare  again,  the  situation  is  more  serious  with  respect  to  aerosol  formation 
in  the  stratosphere . 
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1.  Photoaction  spectra  of  nitrogen  dioxide 
in  natural  sunlight;  solar  zenith  angles 
'*0°  and  60°. 


3.  Rate  constants  ofxozvhe  reaction  with 
propylene  at"  low  total  pressures;  depen¬ 
dence  on  oxygen  and  helium  pressure: 

a.  Propylene-pressure  10  ratorr;  ozone 
pressure  *  0.15  ratorr;  oxygen 
pressure  variable. 

b.  Same  propylene-  and  ozone  pressure’; 
helium  pressure  variable. 


4.  Chemiluminescence  of  the  ozone-propylene 
reaction  at  3  torr  tot_.l  pressure. 
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T,ma  (*«'<) 

2.  Comparison  of  experimental  s'^og 
chamber  data  with,  calculate 
concentration- time  behavior. 


T  (deg.  K) 


5.  Typical  temperature  profile  of 
the  atmosphere. 


%  CO 


6.  Altitude  dependence  of  the  life¬ 
time  of  ground  state  oxygen  atoms 
with  respect  to  ozone  formation  in 
a  normal  atmosphere. 
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9.  Rate  constants  and  activation  energies  of 
7.  Altitude  dependence  of  .the  rate  some  ozone-olefin  reactions  measured  at 

constarit  of' NO  oxidation  by  low  re  -tant  concentrations  at  200  wtort 

o2orie-  f or  at  typical  temperature  total  pressure, 

profiieof  the. atmosphere. 


8,.  Lifetime  of  NO  with  respect  to 
oxidation  by  natural  ozone  as  a 
function  of  altitude  in  a  typical 
ah-osphere. 


10.  Infrared  chemiluminescence  of  the 
reaction  of  HCO  radicals  with 
Ojte  dg)  at  low  resolution. 


Discussion  bn  .the  Paper 
PHOTO-OXIDATION  OF  AIRCRAFT  ENGINE  EMISSIONS 
•V  AT  LOW  AND  HIGH  ALTITUDES 

(Paper  S) 
presented  by  ' 

K.H.  Becker  and  U.  Schurath 


S.A.  Mosier  - 

With  reference  to  your  consent  regarding  the  fact  that  large  concentrations 
of  NO-  haite  been  observed  in  .the  N0X  content  of  exhaust  from  gas  turbine  engines, 
will  you  please  cits  the  references  used  and-  expand  upon-  this,  information. 

U.  Schurath 

My  comment  about  the  NQ2  content  of  N0X  from  jet  engines  was  based  on 
publications  by  E;R,  Lozano,  W.W.  Melvin,  Jr.,  and  S,  Hbchheiser,  J.A.P.C.A.  ljEt 
(1968),,  392,  and  by  R.  D.  Siegel,  J.A.P.C.A.  22  (1972).,  845.  Both  papers,  present 
data  and  state,  explicitly  that  N02  concentrations  from  aircraft  engine  exhaust  are 
not  negligible  under  some  conditions,  and  in  fact  may  be  rather  high. 

G.D.  Kittredge 

•'  NO2  in  gas  turbine  exhaust ,  based  on  EPA  studies,  occurs  to  the  extent  of 
70  to  48%  of  the  total  NOx  at  low  power  settings,  with  increasing  NO  levels  at 
higher  power  settings.  This  is,  strictly  valid  for  relatively  long  residence  time 
turbosHaft  engines ,  not  turbo j  ets . 

0.  Schurath  % 

1  would  like  to  thank  Mr.  Kittredge  for  this  comment  which,  as  I  understand 
it,  confirms, .my  assumption  that  the  relative  NOj  output  is  markedly  higher  at  the 
airport  itself,  where  the  risk  of  photochemical  smog  formation  is  greatest. 

Prof;  I.  Glaa3man 

Since  it  is  now  known  that  the  concentration  of  OH  radicals  is  not  negligible 
in  the  lower  atmosphere,  should  we  be  concerned  with  atmospheric  reactions  involving 
methane  and  OH  radicals? 

U.  Schurath 

Methane  has  a  high  natural  background  concentration  of  more  than  1  ppm  at 
ground  level.  Since  the  rate  constant  for  the  reaction  of  OH  radicals  with  methane 
is  10“^  cm3  molecule”*  s-*  at  room  temperature,  this  reaction  is  certainly  an 
important  sink  of  methane  and  OH  in  the  atmosphere.  Reactions  of  oletins  and 
aldehydes  with  OH  are,  however,  about  three,  orders  of  magnitude  faster,  so  that  the 
confcrlbnionof  anthropogenic  methane  to  chemical  reactions  in  pollutes  atmospheres 
is  negligible, 

R.W.  Wheeler 

In  your  experiments  with  hydrocarbons,  have  you  observed  any  reactions  with 
methane1;  e.g.  reactions  of  oxygen  atoms  with  methane,  and  if  not,  is  it  not  , 
unnecessary- to  measure  methane  as  an  air  pollutant? 

U. -Schurath 

Reactions  of  ground  state  oxygen  atoms  with  methane  are  too  slow  to  be  of 
importance  in  the  lower  atmosphere,,.  0{ ^D)  excited  atoms  react  rapidly  with  methane, 
but  -this  atom  is  only  present  at  higher  altitudes.  OH  radical  reactions  have  already 
been  discussed.  Methane  is  neither  toxic  *.Vor  very  reactive  in  the  lower  troposphere. 
Measuring  methane  as  an  air  pollutant  is  therefore  not  very  useful  unless  its  concen¬ 
tration  is  considered  Indicative  of  the  general  degree  of  pollution  of  an  air  mass. 


EFFECT  OF  SUPERSONIC  TRANSPORT  UPON  THE  OZONE  LAYER,  STUDIED 
IN  A  TWO-DIMENSIONAL  PHOTOCHEMICAL  MODEL  WITH  TRANSPORT 


Eigil  Hesstvedt 
Institute  of  Geophysics 
University  of  Oslo 
Blihderh,  Osl,  3,  Norway 


SUMMARY 

A  steady  state  two-dimensional  model  of  the  stratospheric  ozone  iayer  is  pre¬ 
sented.  Photochemical  reactions  involving  oxygen,  hydrogen,  and  nitrogen  are  considered 
along  with  the  effect  of  a  parameterized,  two-dimensional  transport,  by  mean  motion  and 
by  eddies.  A  parameterized  meridional  distribution  of  NO  is  applied,  computed  from 
one-dimensional  models.  The  model. is  in  fair  agreement  with  observed  ozone  data.  The 
reduction  of  ozone  from  emission  of  NO  from  supersonic  aircraft  is  studied,  assuming 
a  fleet  of  200  aircraft,  flying  at  given  altitudes  and  uniformly  distributed  over  the 
globe.  The  effect  is  found  to  depend  critically  upon  the  flight  level.  For  midrlati- 
tudo,  summer,  the  ozone  column  density  is  reduced  by  0.4?  for  a  flight  level  of  18  km. 

For  flight  levels  23  km  and  28  to  the  reduction  is  1.6 ?  and  2.3?,  respectively.  Accor¬ 
dingly,  the  increase  in  UV-radiatioh  amounts  to-  approximately  0.8?,  3-2*,  and  A. 6?  for 
the  same  flight  levels. 

1.  INTRODUCTION 

-e  . 

The  magnitude  of  the  effect  of  future  supersonic  flights  upon  the  ozone  layer 
has  been  vividly  debated  over  the  last  couple  of  years.  The  opinions  cover  .a  widespec;- 
trum  from  "a  negligible  effect"  to  "eatastrophy".  It  in  the  aim  of  this  study  to  throw 
Bbme  more  lig^b; upon  the  problem.  Judging  from  our .results,  the  effect- lies  between 'the 
two  extremed:  "it  is  too  small. to  represent  ar.  immediate  danger,  but  large  enough  to  cause 
a  long  tcrm^eff ect  which.  shouid-he  seriously  considered. 

One  Say  to  approach  the  problem  is  to  use  photochemical  models,  including 
transport  processes.  One-dimensional  models  maygive  some  indication  of  the  magnitude 
of  the  effect,  but  since  it  is  clear  that  horizontal  transport  plays  an  important  role 
in  the -distribution  of  ozone,  most,  of  the  work  in  this  field  is  now  concentrated  on  two- 
and  three-dimensional  models..  Here  is  presented  a  steady  state  two-dimensional  model, 
which  is  an  extension  ~f  a  more  simplified  model  presented  last  year  (1).  In  that  model 
a  constant  mixing  ratio  of  N0X  was  applied  and  computations  were  made  for  different 
values  of  this  mixing  ratio.  This  model  was  later  improved  12)  by  assuming  a  vertical 
profile  of  NOx  in  accordance  with  available  observational  data  (3).  The  seme  profile 
was  applied  for  all  latitudes,  winter  and  summer.  This  gave  a  much  better  agreement  be¬ 
tween  theoretical  results  and  observed  ozone  data.  The  pre-'nt  model  goes  one  step  fur¬ 
ther:  vertical  profiles  of  N0X  have  beer.  >mputed  from  one-dimensional  models,  for  dif¬ 
ferent  latitudes,  winter  and  summer.  The  .  t  step  will,  be  to  include  the  effect  of 
horizontal  transport  upon  the  N0X  distribute  ,.  Such  an  extension  is  now.  in  progress. 

2.  TWO-DIMENSIONAL  TRANSPORT  MODEf,  . 

The  model  presented  is  a  two-dimensional  3teady  state  model.  Two  versions 
of  the  model  are  computed,  one  for  summer  and  one  for  winter  conditions,  both  ranging 
from  the  Equator  to  the  Pole  and  from  the  tropopause  .up  to. 35  km.  The  differentials  in 
the  analytical  expressions  for  the  transport  -re  replaced  by  finite  differences.  The 
distance  between  the  gridpoints  in  the  model  is  1  to  vertically  and  5°  latitude  horizon¬ 
tally.  A  relaxation  method  is  applied  to  compute  steady  state  solutions. 

The  boundary  conditions  for  ozone  are  as  follows:  At  35  km  photochemical 
equilibrium  is  assumed.  Data  for  the  column  density  of  ozone  above  ,35  to  are  tutceiL.from 
time  dependent  photochemical  models  for  the  region  35-70  Km,  computed  by  the.  author  (un¬ 
published).  The  values  are  given  in  Table  1.  At  the  tropopause  a. constant  value  of 
10l2cm~3  is  taken  for  the  ozone  number  density..  .Both  models  (summer  and  winter)  are  ex¬ 
tended  5°  into  the  opposite  hemisphere,  and  values  computed  for  5°  latitude,  winter,  ark 
used  at  the  toundary  in  the  summermodel  and  vice  versa  for  the  winter  model..  Over  the 
Pole  the  horizontal  flv'  if  ozone  is  taken  to  be  zero.  r  *  "  r 

Standard  prorales  have  been  used  for  temperature  ar.i  density  (4) .  The  para¬ 
meterized  transport  in  the  model  is  based  upon  data  given  by  Oudiksenet  al.  (5'*  Their 
data  for  the  vertical  eddy  diffusion  coefficient  Kzz  hAve  been  modified i  mainlj  in  the 
upper  part  (6,7).  The  Kzs-prof ilea  used  in  the  present,  model  are. given  in  Figure  i._ 

Also  the  data  for  Ky..,  KyZ,  v,  and  w  are  modified,  since  the -original  data  fail  to  pro¬ 
duce  a  realistic  ozone  distribution,  in  particular,  a  stronger  transport  eems  to  be 
hece S3ary  to  produce  an  ozone  maximum  at  18  to  in  high  latitudes.  In  the  present-  .rtodol 
Oudiksen's  data  for  Ky,.  and  Kyz  areirultiplicd  by.  8,  while  datk  for  w  ape  multiplied  by* 
2,  This  brings  the  tran1-  irVoata  more  in  agreement  With  earlier  data  for  atmospheric 
transport  (8).  With  th«-e  modified  data  *--he  theoretical  ozone  distribution  appears  more, 
realistic.  '  '  ?  ' 


Table  1.  Number  densities  of  ozone  (xlO"’A2cm”:>)  atft35_kra  and 
column  density  of  ozone  above  35  few  (x10~°cm"2) 


3.  020NE  PHOTOCHEMISTRY 

The  photochemical  reactions  considered  in  this  model  are  specified  in  Table  2. 
Tie  0-K  reaction  scheme,  (reactions  1-36)  is  a  standard  one  and:  quite  similar  to  that 
used  in  mos*-  0-H  atmospheric  models.  '-The  nitrogen  chemistry  is  much  simplified  and  con¬ 
sists  of  only  four  reactions.  However,  the  complexity  of  the  nitrogen  chemistry  is  im¬ 
plied  in  the  computation  of  the  N0X  profiles  used  as  a  parameter  in  our  model.  These 
profiles,  given  in  Figure  2,  are  computed  from  one-dimensional  models  (6.7),  which  are 
based  upon  a  complex  scheme  of  O-H-N  reactions. 

Since  the  balance  between  NO  and  N02  is  quickly  established,  the  computation 
o"  these  two  components  follows  from  a  sharing  of  the  available  N0X,  given  by  the  con¬ 
dition 

=  u39f0!+JN0o)[N02]  -  k37[03j[K0j  =  o 

which  gives 

[no2]  =  k37[o3]  iNOxj/<k3?[p3]  ♦  k3£[oJ  +  jmo  ) 

The  components  Ot^D),  O(^P),  H,  and  OH  have  very  short  lifetimes:  for  0(^0. 
it  is  less  than  2xlo-7s,  for  OC^P)  less  "■'•.an  0.2  s,  for  H  less  than  5a10“^o,  and  for  OK 
less  tnan  5  min.  Photochemical  equilibrium  is  therefore  a  good  approximation  for  these 
components ,  which,  as  well  as  NO,  all  vanish  at  night. 

The  lifetimes  of  On,  H2,  and  H20  are  many  years  in  the  lower  stratosphere. 

We  may  therefore  assume  that  these  components  are  mixed  and  take  0.2095,  5x10"',  and 
5.5*10  ,  respectively,  fvr  their  mixing  ratios. 

H0o  is  in  rapid  exchange  with  H  and  OK.  In  the  computations  it  is  convenient 
to  consider  the  sum  (odd  fcv-*rogen)  of  these  three  components,  which  ha?.  a  lifetime  of  one 
hour  or  less.  The  assumption  of  photochemical  equilibrium  for  daytime  conditions  is 
therefore  a  fair  approximation.  The  lifetime  of  H?02  is  le*33  than  <J  days  in  the  region 
10-35  km.  The  photochemistry  is  therefore  faster  than  the  transport,  and  photochemical 
equilibrium  give3  sufficient  accuracy  for  our.  problem. 

Since  atomic  oxygen  is  in  photochemical  equilibrium  and  i3  much  le&t  abundant 
chan  O3,  the  ozone  budget  i3  conveniently  studied  from  the  expression  for  odd  oxygen 

3  [0-1 

8  2J2t°2^  -=2X39DJ02j  [0]  -  2k3[o]r03J  -  A 
where  A  represents  the  loss  rate  of  odd  oxygen  through  oxygen- hydrogen  reactions: 

A  =  ( V-0 [OK j  < k?  [h’n  j  j  [Oj  +  (k2i)[0H]+2k35[0(1D).])t033 

♦k29no<1>.i  e:h2oi 

It  turns  out  that  A  is  ss’''H  compared  to  the  loss  rate  through  ce-  nono  3  and  39-  At 
levels  where  the  photochemistry  of  ozone  is  not  dominated  by  the  transport,  less  than 
10JC  of  the  total  loss  of  ozone  is  d_~i  to  0-H  reactions.  However,  this  figure  depends  on 
the  valuj  taken  for  k2ij,  which  is,  uuiortunafcely ,  hot  known  with  n  satisfactory  accuracy. 

Computations  of  dissociation  rate  coefficients  are  baued  upon  Ackerman's  data 
for  the  solar  flux  arid  absorption  cr>S3-sectiona  for  02  and  O3  (9j. 

3.  THEORETICAL  OZONE  DISTRIBUTION 

T*vi  computed  steady  state  distributions  of  ozone,  for.  summer  and  winter,  are 
td.uwn  in  Figure  3.  A  coa-rsriaon  of  theoretical  and  observed  osone  distribution  seems  to 
support  the  cohcitsion  t:sat  our  mo-'ei  is  a  plausible  simulation  of  the  processes  which 
-  determine  the  mean  ozone  f  u'rlbutioh  iff 'the  real  stratospnere. 

The  agreement  between  theory  and  observation  la  particularly .good  for  summer 
conditions.  At  tho  Equator  the  maximum  level  correctly  reproduced  at  26  km  with  an 

ozone  number  density  df .sxiol^cm"  .  Polewards  hr-  maximum  level  falls  dawn  *-o  19  km  with 
a  pea*  va  'e  of  ^.9*10"2ca'5  at  6o°,  also  ir.  excellent  agreement  with  observations.  For 
winter  conditions  the  agreement  is  m*  .  .ite  rn  gcod.  One  reason  for. .this  say -Jst  -that  ^ 

- 4H5eoliijAsidrr  oi  as  used  in  dht  winder  model enriudes  osohe  production  beyond  rC° 

latitude.  In  tha  real  stmospnero,  such  a  si‘.i_Tt'on  ooly  lasts  for  two  months.  However, 
over,  for  the  w; *  *  (  the.  ggreement  it  such  that  tb*=  aoael  may  be  ».aid  to  reposaert 
reasonable  simu.. oui.cn  of  the  behaviour  0?  stratospj^ri  dzc.ie. 
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Table  2.  Reactions  and  reaction  rate  coefficients. 
0(3P)+0(3P)+M  •+  O.+M 


0(-)P)+02*K  -►  Oj+M 
0(5P)*03  *  2  02 
02+hv  *  0(3P)+0(3?) 
02thv  *  0(3?)+0(1n) 


0(3P)+0. 


Oj+hv  -  0(1D)+02 

0H+O(3P)  -►  K+02 
HC2+0(3P)  ♦  0H+02 


h+o2+m 


ho2+m 


K+Dj  *  0H+02 


OH+HO- 


H20»02 


H202+bv 
0(3P)+H202 

ho2+fo2 


2  OH 

oh+ho2 

K-O.+O. 


2~2  2 
0H+H202  '•*  H20+H02 

OH+OH  +  H20*0(3P) 
H20+hv  OH+H 

H+HCg  -*  H20+0(3P) 

h+ho2  h2+o2 

H-h’+M  -»  H2+M 
0(1D)+M  -  0(3P)+K 
0(^D)+H2  *  OH+H 
0(3P)+H2  -  OH+H 
H02+03  *  uH+2  02 


OK+O, 


ho2+o2 


K+H202  -►  h'2+K02 
H+0(3P)+H  *  OH+M 
H+C3  *  H02+0(3P) 
H+02  -  0H+0(3P) 
0(1D)+H20  +  2  OH 
H+H02  *  2  OH 
H+OH+M  K20+M 
0(3P)+v.-H+M  •*  ho2+h 
H+HO  -  H2+0(3P) 
H2+03t  *  h'20+H 
0(1D)+03  t  2  0? 
HOjfhv  *  0h’+0(3P) 


CO+Oh 


i*GO, 


NO+HO-  -  0H+K02 
HO+Oj  *  N02+02 
N02+hv  *  KO+O 
NOg+O  ♦  N0+02 
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The  photochemical  lifetime  of  ozone  increases  rapidly  with  decreasing  height. 

Por  45°,  summer,  it  is  4  days  at  35  km,  2  weeke  at  30  km,  3  months  at  25  km,  1}  years 
at  20  km,  51  years  at  15  Km,  and  12  years  at  10  kro.  Atmospheric  transport  therefore  be¬ 
comes  increasingly  important  as  we  descend  through  the  stratospnere.  In  the  upper  part 
of  the  model  (30-35  km)  ozone  is  nearly  in  photochemical  equilibrium,  while,  below  about 

22  km,  the  chemistry  is  dominated  by  the  transport.  Argumentation  about;  the  influence 
of  SST  upon  the  ozone  layer  has  very  often  been  based  upon  purely  photochemical  models 
without  the  consideration  of  transport.  From  what  is  said  above,  such  models  are  quite 
1  -eaiistic.  Conclusions  drawn  from  such  models  should  be  appraised  with  scepticism. 

5.  EFFECT  OF  SUPEPSOPIC  TRANSPORT  UPON  THE  OZONE  LAYER 

The  model  described  above  may  be  used  to  estimate  thi  effect  of  emission  of 
NOx  from  supersonic  aircraft  upon  the  ozone  layer.  If  the  rase  of  N0X  emission  pr.  en¬ 
gine  is  known,  a  realistic  prognosis  for  future  traffic  density  and  routing  mazes  it  in 
principle  possible  to  compute  the  perturbations  in  the  N0X  distribution,  as  given  in  Fi¬ 
gure  2,  and  consequently  the  decrease  in  total  ozone,  as  a  fui...tion  cf  latitude  and  season. 
A  computation  along  this  line  is  presented  here.  Some  simplifying  assumptions  have  been 
made;  these  arc,  however,  not  likely  to  present  a  serious  limitation.  It  is  believed 
that  "he  results  obtained  give  a  useful  indication  of  the  magnitude  of  the  ozone  deple¬ 
tion  aue  to  supersonic  transport. 

The  basis  for  the  computations  is:  A  reference  fleet  of  200  four-engine  air¬ 
craft  is  considered,  each  performing  1000  flights  of  2J  hours  pr.  year.  The  fuel  flow  is 
assumed  to  be  5,000  kg  pr.  hour  pr.  engine.  The  emission  of  N0X  (conv  'ted  to  NO2)  is 
assumed  to  b*»  21  g  pr.  kg.  fuel.  These  200  aircraft  a  e  assumed  to  fly  at  the  same  flight 
level,  uniformly  routed  around  the  globe. 

The  perturbation  of  the  N0X  distribution  is  now  computed  in  the  same  way  as 
we  Computed  the  N0X  profiles  given  in  Figure  2,  the  only  difference  being  that  a  point 
source,  given  by  the  above  data,  ia  introduced  at  the  flight  level.  The  results  of  such 
computations  are  given  in  Figure  J.  Here  the  increase  (in  5)  in  K0X  is  given  as  a  func¬ 
tion  of  flight  level  and  height.  As  raigh  have  been  expected,  the  increase  in  !J0X  is  very 
sensitive  to  the  flight  level.  Foi  60  ,  summer,  and  a  flight  level  of  18  km,  the  increase 
in  NOx  in  the  "sensitive  zone"  (above  22  zni)  is  seen  to  be  around  25.  Per  flight  level 

23  km  the  N0X  increase  in  the  same  zone  is  between  5 5  and  101,  while  flying  at  25  km  re¬ 
sults  in  an  N0X  increase  by  10-205. 

The  validity  o.  these  results  is  somewhat  limited  by  the  fact  that  the  "compu¬ 
tations  are  based  upon  one-dime;iaional  modei3.  It  is  clear  that  horizontal  transport  will 
influence  the  N0X  distribution.  However,  the  similarity  in  the  curves  ir.  Figure  2  makes 
it  unlikely  that  the  consideration  of  Horizontal  transport  would  cause  a  drastic  change 
in  the  theoretical  N0X  distribution.  The  same  may  be  said  about  the  perturbation  of  NOx 
from  SST.  On  the  other  hand  come  change  may  be  expseted  if  wa  abandon  the  assumption  cf 
a  uniform  routing  and  instead  introduce  preferred  routings,  for  instance  along  50°  latitude. 

On  the  basis  of  the  perturbed  N0X  profiles,  new  steady  state  ozone  distribu¬ 
tions  have  beer,  computed  for  flight  levels  of  18  km,  23  km,  and  28  km,  respectively.  The 
changes  in  ozone  are  moderate,  and  tne  overall  picture  given  in  Figure  3  remains  nearly 
the  same. 

Of  special  interest  is  the  decrease  in  ozone  column  density  above  10  km,  shewn 
in  Table  3.  It  is  f-cn  that  the  ozene  depletion  is  very  sensitive  to  flight  level-.  For 
latitudes  around  ry)° ,  in  che  summer,  the  decrease  in  ozone  is  about  0,45  for  flight  level 
18  km,  while  the  decrease  amounts  to  1.65  (2.35)  for  flight  level  23  km  (26  km).  These 
figures  may  be  converted  to  a  corresponding  increase  in  the  erytheaogenic  UV-radiation  (1), 
which  will  amount  to  0.85  (3.25,  4.65)  for  flight  level  18  km  (23km,  23  km). 

The  decrease  in  eotal  ozone  and  increase  in  UV-radiation,  as  computed  in  this 
model,  are  not  such  that  an  immediate  danger  is  to  be  expected.  On  the  other  hand,  the 
cumulative  effect  of  increased  Uv-radiat.on  may,  for  all  we  know,  be  considerable.  This 
is  particularly  true  when  flying  et  altitudes  above  18  km. 
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Table  3-  Decrease  (in  5)  in  fcotil  ozone  caused  by 

a  "reference  fleet"  (see  text)  of  200  air¬ 
craft  uniformly  routed  over  the  globe  and 
flying  at  18,  33 »  and  28  km. 
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Discussion  on  Paper  6 

“Effect  of  Supersonic  Transport  upon  the  Ozone  Layer,  Studied  in  a  Two-Dimensionai 
Photochemical  Model  with  Transport” 
presented  by  E.Hesstvedt 


A.Goldburg.  Figure  2  shows  for  NOx  2  x  10"®  at  20  km  and  10'*  at  30  km.  In  the  Tint  case  this  is  much  higher 
than  10'10,  reported  in  Paper  1,  Table  7,  and  in  the  second  case  it  is  almost  higher  than  possible  according  to 
Professor  Johnston  this  morrung.  Would  you  comment? 

EHesstvedt:  My  theoretical  value  of  NOx  at  20  km  coiresponds  to  1  O'®  for  NO  foi  the  summeT,  probably  a  little 
less  for  the  winter,  but  in  both  cases  higher  than  the  observed  value.  1  cannot  explain  why.  I  would  like  to  see 
more  measurements  of  NO,  at  different  heights.  As  for  my  theoretical  -alue  at  30  k:n  I  can  only  say  that  it  agrees 
completely  with  Ackerman  end  Muller’s  mcasuiements  of  NCj . 

N.A.Chigier:  Can  you  tell  us  how  sensitive  tr.e  computations  you  have  made,  are  to  the  initial  conditions.  We 
could  have  initial  conditions  where  the  engine  exhaust  behaves  like  a  turbulent  jet  with  rapid  dilution  or  alternatively 
the  ingestion  of  the  exhaust  into  the  trailing  vortices  where  high  concentrations  and  temperatures  would  persist  for 
periods  of  several  minutes  in  small  diameter  trails  of  many  kilometers  in  length. 

E.Hesstvedt:  Since  my  model  has  distances  of  1  km  (vertically)  and  5°  latitude  (horizontally)  between  the  grid- 
points,  it  is  indirectly  assumed  that  a  point  source  is  substituted  by  a  large  area  source.  It  cannot  be  readily  used 
to  treat  your  second  alternative.  My  guess  is.  however,  that  what  happens  the  first  few  minutes  after  injection  will 
be  smoothed  out  over  the  relatively  long  time  available,  so  that  the  difference  between  the  two  alternatives  is, 
perhaps,  not  so  great  after  all. 

A.EJ.Eggleton:  Have  loss  mechanisms  for  NOx  such  as  N3Oj  and  HNOs  formation  been  included7 

EHesstvedt:  The  formation  of  N2Os  and  HN03  have  been  considered  in  the  computations  of  NOx  on  which  this 
paper  is  based. 

R  J.Gelinas:  Two  sets  of  measurements  have  recently  been  reported:  NO  concentrations  of  <  0. 1  ppb  in  the  lower 
stratosphere  (which  seem  on  the  low  side)  and  03  column  density  mcasuiements  from  the  Concorde  (which  arc  on. 
the  high  side  of  “normal”).  What  would  your  model  indicate  by  consideration  of  such  a  negative  deviation  of  NO 
and  the  resultant  perturbation  of  -.he  03  column  density? 

EHesstvedt:  My  model  would  simply  say  that,  the  less  NO,  the  more  ozor.e  we  get.  But  a  point  value,  of  say  0.1 
ppb  at  20  km,  cannot  be  introduced  in  the  model.  I  would  need  a  profile. 

P.GoWsmith:  I  have  a  comment  and  two  questions: 

It  is  interesting  to  note  that  Professor  Hcsstvedt’s  meteorological!  more  sophisticated  treatment  gives  a  much 
lower  effect  c  the  tGtal  ozone  for  a  given  amount  of  nitrogen  oxides  than  the  simpler  approach  outlined  by 
Professor  Jonnston  earlier.  Perhaps,  we.  will  find  that  as  our  models  of  stratospheric  ozone  become  more  and  more 
meteorologically  realistic  that  this  trend,  wil!  continue. 

In  Professor  Hesstvedt's  model,  he  has  used  a  rather  high  value  for  the  stratospheric  water  vapour  content; 
could  he  tell  us  whether  the  outcome  of  his  model  is  very  sensitive  to  this  value? 

Also,  I  note  that  he  has  used  a  constant  ozone  density  at  the  tropnpause  as  his  rower  boundary  condition.  If 
it  were  possible  to  use  a  lower  boundary  condition  incorporating  some  factor  to  allow  for  the  preferred  regions  of 
stratospheric/tropospheric  exchange,  in  what  direction  would  this  affect  the  conclusions  from  tire  model? 

EHesstvedt:  Water  is  by  volume;  I  admit  i;  is  slightly  on  the  high  side  but  this  was  done  because  we  could  not 
with  the  computer  w*  .jau  take  methane  and  ll2  considerations  into  the  model.  We  had  to  fix  a  number  represent¬ 
ative  at  the  layer  (say  25  kms)  where  chemistry  is  so  fast  that  it  competes  with  the  transport.  We  are  not  too 
concerned  with  what  goes  on  below  that. 

The  mode!  has  sot  been  changed  to  adjust  to  the  freedom  of  the  new  computer,  but  we  don’t  believe  it  will 
change  significantly,  in  evaluating  the  SST.  Past  experience  has  not  shown  a  major  effect  with  increasing  sophists, 
atfe-n  of  our  model 

R.C.OUver:  !  note  that  you  have  changed  Gudikscn’s  data  for  Ky..  3,id  K..r  by  a  factor  of  8  and  w  by  a  factor 
of  2.  Arc  such  changes  permissible  in  terms  of  fitting  the  W,s*  data  on  which  Gudiksen  bas^d  his  calculations? 
And  how  would  such  changes  impact  upon  stratospheric  residence  times? 


E.He*strjdf.  The  changes  we  liave  made  w3i  clearly  not  fit  the  V.’1*1  data  for  that  particular  period  of  time.  Our 
paan  is  that  with  Gudiksen’s  data  we  do  hot  get  an  ozone  distribution  which  fits  observations.  Reed  and  German’s 
data  probably  would. 

These  two  sets  of  data  differ  approximately  by  the  factors  mentioned.  The  reason  why  we  applied  the  adjusted 
Gudiksen  data,  rather  than  Reed  and  German’s,  is  that  Gudiksen’s  data  have  a  format  which  is  convenient  for 
modelling.  Since  we  have  made  only  slight  changes  in  ,  the  stratospheric  residence  time  is  not  likely  to  be 
seriously  altered  by  the  adjustment.  - 


and  it  represented  on  fig.  1  for  an  overhead  tun.  Itt  integrated  value  between  10  and  SO  ka  i*  of  the  order 
of  4  x  10*3  ca-2  ,-l  j,ut  (lightly  variet  with  latitude  and  season  aicce  the  penetration  of  tolar  radiation 
depends  on  the  otone  content  which  it  larger  in  the  polar  region*  then  near  the  equator. 


Fig.  1.-  Production  rate  of  odd  oxygen  for  an  overhead  nun. 


Ths  lets  rate*  of  osone  arc  respectively  given  for  the  Chapman  reactions  by 


W 


2  J3  k3  n  (03) 


k2  n(M)  n(O^) 
for  the  hvdrogsn  ceopounds  reactions  by 


J,  n(0  ) 

L,(0,)  -  — - - -  [  a,  n(0H)  ♦  a,  r.(H0,)l  ♦  a,  ,.(H)  n<0  ) 

'  i  k2  n<W)  n(0^>  ’ 

and  for  o  NO.  reactions  by 


2  »  b,  n(*:0,)  n'O,) 

»  (0  )  -  - i-2 - £ - L. 

k,  n(M)  n<0  ) 


Tne  loss  rotes  t. 

rv*9 


,  and  L.  are  represented  on  fig.  2  for  raid-latitude  conditions  and  using  respec¬ 
tively  10-3  3nd  3  x  Iff*9  si  NO;  rifxing  *atio.  Rate  L;  hi*  not  been  represented  since  the  rate  constants 
«3  and  a;  and  the  HO,  distributunt  are  not  well  known.  Nevertheless,  order  of  magnitude  calculations 
show  that  I,j  cen  be  neglected  in  ':he  major  pert  of  th».  stratosphere  conpared  with  Li  and  L3.  The  integral**! 
lets  between  10  and  SO  ka  gives  f.>r  Lj  1.7  x  10*3  cm~2  *~1  and  for  1^  b-oc  1012  ca"*  ,-1  >n(j  i.g  x  101' 

10"3  *nd  3  x  10*3  j.yo  used  again  for  the  NO;  mixing  ratio. 


3.  TOP.  TO_  SEKISTRY  IK  TOP  STRATOSPhdRf: 

The  production  of  oxvgen  atoms  in  their  electronically  emtnd  3D  state  plays  an  important  tol* 
in  the  stratospheric  atrnnom . 

0,  *  hv  (>.  <  310  ran'.  *  !>,<1AJ  ♦  0(lJ»  , 

3  .  2  g 

0,  ♦  -  (i  <  400  nr>)  0„f3E  )  4  6<*D)  , 

3  .2g: 

A  precise  deterainatios  of  the  0(30>  distribution  depend*  on  the  quantum  virrld  of  these  processes.  According 
to  DeWore  and  RaperJ  dl  the  quantum  efficiency  at  X  <  310  ms  is_  equal  to  unity  snd  it  sharply  decreases  ovar 
this  lirsit.  At  334  ins  (Jon**  and  Vsyne  {31),  the  phoiodiascciaticn  of  osone  leads  to  0(3p)  atoms  only.  In 
our  ttadsls,  two  ejtrew  values  have  been  used  in  order  to  wake  a  sensitivity  evaluation.  We  prefer  the 
taxiswrsr  value  since  new  wesiur«»ent*  hr  Sjjton*itt<  st _al  { 10}  indicate  a  quantum  efficiency  of  about  O.J 
at  313  ha.  v 
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fig.  2.-  Lott  r»te  of  ozone  by  the  Chapman  reaction*  (L„)  »nd  by  the  N0X  reactions 
(Lfjo^y  for  aid-latitude  conditions  end  an  overhead  sun.  1-HOx  ha*  been 
computed  using  the  constant  value*  of  1  and  3  ppbv  as  NOj  mixing  ratio. 

The  0(*D)  atoms  are  quickly  destroyed  by  quenching  with  0.  and  N2  but  a  fraction  of  them 
dissociate  water  vapor,  methane  and  moltcular  hydrogen  to  produce  Oh  and  H  radicals 

H20  ♦  C(1D)  ■*  OH  ♦  055* (v  *  2}  +  28.8  heal 

CH,  ♦  0(^D)  ♦  CH-  +  0H*(v  £  4)  ♦  43.;5  kcal 

A  3 

H2  *  O^O)  M  0H»(v  £  ft)  ♦  43.5  kcal 

In  the  stratosphere,  the  water  vapor  mixing  ratio  remain*  constant  and  is  of  the  order  of  3  ppmv.  Methane 
is  produced  at  gr^-ind  level,  diffuse*  upward  and  is  disieciated  by  OH  or  0£*B) .  Its  mixing  ratio  at  the 
tropopause  is  of  the  order  of  1.5  poor?.  The  corresponding  value  for  molecular  hydrogen  is  0.5  ppmv. 

Other  reactions  involving  W,  K  and  HO^  reuse  be  introduced  in  order  to  determine  the  equilibrium 
conditions  between  these  radicals  (fig.  3)  : 

-  H  formation  and  Oil  destruction  s 

(a,.)  ;  OH  ♦  0  ♦  0,  ♦  H  ♦  16.6  kcal 
(a36>  ;  OH  *  CO  -  COj  ♦  H  *  24  kcal 

-  KOj  formation  and  H  destruction 

(at)  ;  8  ♦  Oj  ♦  M  *  *  H02  *  K  ♦  46  kcal 

-  KOj  t creation  and  OH  deatruction 

(a _ )  :  OH  ♦  8.0.  •*  HO.  ♦  8.0  t  20  kcal 


74 


H26 

CH4  HM03 


-  OH  formation  and  H  destruction 

(*,);  H  ♦  03  ♦  2,  ♦  OH*(v  a  9)  ♦  77  kcll 

■f 

-  OH  formation  «ad  HO,  destruction 

(Sj)  ;  Klj  •*■  0  *  02  ♦  03*Cv  =£  6)  ♦  55  kcal 

(«J5)  ;  HO,  +N0  -  OH  ♦NOj  *9  kcsl 

Thsee  different  mechanisms  have  been  studied  vith  great  attention  by  several  authors  (sec  e.g. 
Nicolet  I21)  «nd  won't  ee  discussed  in  detail  here.  However,  it  esn  easily  be  seen  that  the  ratio 
n(R02)/n(OR)  is 

a(H02)  »$  n(0)  ♦  a36  n(CO)  r  Sj  n(M)  n<Oj)  '  s3Q  n(Hj02)  -i 

n(OH)  s7  n(O)  ♦  a2g  r-  'HO)  *-  s2  n(M}  n(C>2>  ♦  s?  c(0,j)  s5  n(0>  ♦  #36  n(CO)  J 

In  the  upper  stratosphere-  it  sioply  becomes 

n(HOj)  a.  a.  n(M)  n(0.)  a. 

■  ■  '  -  “  —  X  . . . . .  . .  o  — 

n(OH)  a3  a2  n(H)  n(02>  *  *2  n(03>  *2 

and  t.otr  the  tropopause 

«<H02>  a36  ti(CO)  ♦  a30  nWjOj) 

«(0H)  s2fi  n(HO) 

this  ratio,  which  plays  a  major  role  in  the  stratospheric  photocheaistry  and  spatially  (see  below)  on 
nitrogen  oxides  end  acids  cannot  be  correctly  evaluated;  since  the  rate  Constance  a$  and. a;  and  the  concen¬ 
trations  of  carbon  monoxide,  nitric  oxide  and  hydrogen  peroxide  art  not  known  with  chough  precision.  How¬ 
ever  working  rallies  have  been  used,  naaely  t  and  9  for  the  n (HOj) /n/OM)  ratio. 

If  ws  finally  introduce  tht  net  loss  mechanisms  of  HO^  reforming  water  vapor 

(*^>  ;  .  OH  ♦  OH  *  HjO  ♦  0 


7-5 


I17>  ; 

OH  * 

<M 

C 

tc 

H2°  *  02 

l38)  5 

OH  <• 

CH.  ♦ 

4 

H20  CH, 

the  global  balance  equation  for  HO^  con  be  written 

a*  ln(H20)  +  n(CH4)  *  nOyj  -  a16  n2(0H)  ♦  *J7  n(OH)  niHOj)  ♦  a3fJ  n(CH4>  n(OH)  . 

In  a  more  Jecsiled  study,  nitric  acid  should  also  be  introduced  in  the  HO  problem  since,  as  it 
will  be  seen  below,  it  contribues  to  the  OH  formation  and  destruction.  Nevertheless*  it  can  be  seen  that 
the  OH  concentration  closelv  depends  on  'he  nitrogen  and, the  carbon  oxides  chemistry  which  must  be  studied 
with  much  attention,  (see  for  example  Brasseur  and  Nicolet  {11)  and  Nicolet  and  Peetermsns  1 12]). 

4.  THE  HO  PHOTOCHEMISTRY  IN  THE  STRATOSPHERE 
x 


It  was  believed  until  a  few  years  ago  that  the  presence  of  nitrogen  ,'xidet  in  the  stratosphere 
was  due  to  its  production  above  Sr  P.n  an:  its  downward  transport  by  eddy  diffusion.  Hc.'tver,  in  1970. 
Nicolet  l  2)  has  identified  an  in_situ  source  of  NO  due  to  the  dissociation  of  nitroue  oxide  by  *D  oxygen 

atom 


<b39)  ;  U20  ♦  0(D)  -  2  NO 

associated  with 

(bjg)  :  n2o  ♦  0(?D)  -  n2  ♦  o2 

, 

The  stratospheric  production  of  NO  is  chutt  given  'ey 
P(N0)  -  2  bJ9  n(N20)  n(O^D) 

Nitrous  oxide  is  formed  by  bacteria  at  ground  level  and  diffuse'  into  the  stratosphere.  But,  during 
daytime,  it  ia  photodissociated  by  soler  radiation  and  about  ten  per  >  «?nt  ct  it  is  destroyed  by  reactions 
(b  _)  and  (b„) .  Tht  NjO  distribution  ia  thus  verv  sensitive  ix  a»e  transport  conditions  ;  the  eddy  flux 
t  it  related^to  the  concentration  n  by 


uheie  H  is  the  atmospheric  seal*  height  and  T  t.ie  tusperaturs.  In  Che  troposphere,  where  the  »«e»S  residence 
time  is  1  month,  the  adopted  valuo  for  the  eddv  diffusion. coefficient  K  is  2  x  10*  cm*  sl .jBut  in  the  2 
stratosphere,  where  the  mean  residence  tine  varies  between  1  to  2  years,  a  value  between  10  and  10*  cm 
s"l  must  be  adopted.  Since  there  are  .'ariations  with  season  and  latitude,  two -analytical  profiles  0<mn  and 
Kp^x)  which  seem  to  represent  acceptable  values  have  been  chosen  (fig.  4)  in  order  to  estimate  the  sensitivity 
of  the  profiles  to  the  transport  intensity. 


Fig,  4 ,r  Variable  value* -of  the  'eddv  diffusion  coefficient -with  altitude  used  in  the 
.computations. 


The  verticil  distribution  of  the  MO  production  (fig.  5)  depends  not  only  on  the  eddy  diffustvity 
profile  but  also  on  the  ozone  distribution  end  the  efficiency  of  its  photodissociation  to  for*  0(lD)  *to** . 
The  MO  7roduction  rete  reaches  a  maximum  value  of  the  order  of  100  cm’  s~i  in  the  niddle  of  the  stratosphere. 
The  values  represented  on  fig.  5  have  been  divided  by  2  in  order  to  tek.  into  account  the  day  and  night  effie 
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Fig.  5.-  Vertical  distribution  of  HO  production  for  various  stratospheric  conditions. 


1  3  2-1 

The  tor  l  ;,0  production  by  reaction  0(  D)  vith  N;0  is  about  (1.5  ♦  1)  x  10  c*  s  (Hicolet  and 
?cete  reams  (13V),  which  is  the  sane  order  of  magnitude  as  the  artificial  production  by  a  conventional  fleet 
of  500  SST  aircrafts  (334  equiped  with  4  engines  and  166  with  2  engines' ,  flying  7  houre  a  day  and  emitting 
10  ♦  2.5  grains  of  NO  per  kilogram  of  fuel  consumed.  '■ 

A  ' 

As  soon  as  it  is  produced  a  fraction  of  the  NO  molecules  ere  converted  into  NO;  molecules  by 
reaction  (b*)  which  is  associated  with  (b3>  and  (Jn02^  (fig*  6)*  Since  the  lifetime  of  NO;  ia  very  shore 
during  daytime,  photochemical  conditions  can  be  accepted  and  tha  K0;/N0  ratio  is  given  by  (fig.  7) 
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Fig.  7.-  Vertical  dictrihutibn  in  the  stratosphere  of  the  ratio  n(N0.)/n(N0>  for  a. solar 
zenith  angle  of  60*.  '  . '  ' 


n{SOj)  b4  niOj) 

n(NO)  Jfj0.  ♦  t>3  n(0)  ' 

In  the  lover  part  of  the  stratosphere  where  the  oxygen  atom  concentration  is  snail,  the  ratio  .is 
proportional  to  the  ozone  concentration  and  its  order  of  nsgnitude  is  one.. Above  35  ko,  where  Jfj02  «b.n(0) 
the  ratio  decreases  rapidly  to  .reach  less  than  0.05  at  SO  V.n.  During  nighttioe,  NO  is  completely  converted 
intb'NOj.  ^ 

In  the  upper  part  of  the  stratosphere  and  above  chestratopause,  the  photodissociation  of  NO  m,at  . 
be  considered  as  an  important  loss  process  for  N0X  (Brasseur  and  Oieslik  [  141 )  since  we  have  (fig. -8). 
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■JJH0)  ;  NO  +  hv(X  <  191  n»)  ■»  N  +  0 


(bfi)  ;  N  ♦  NO  *  0  ♦  «2  ♦  75  kcal 
<b?)  ;  N  *  0?  +  0  ♦  N0%  32  kcal. 


Th«.  note  important  corti  ibueion  to  ths  photodissociation  coefficient  J^.  is  due  to  the  prediesoci- 
ation  in  the  4  bands,  siainl*  t'ne  4(0-0)  and  4(1-0)  bands  since  the  c  band  have,  been  shown  by  Callett  and 
"Pilling  1 15)  not  to  be  predissociated  and  since  the  &  and  y  bands  have  yery-snell  absorption  coefficients. 

In  tho  spectral  range  that  Bust  be  consider,  the  absorption  of  the  tolar  radiation  it  due  in  part  to  the 
Schu'iann-Runge  bands -of  smlecular  oxygen.  So,  a  line  by  line  integration  it  necssssry  in  order  to  conpute 
the  Jju)  coefficient  (fig.  9).  A  detailed  snslvr.i*  of  this  question  has  been  performed  by  Cietlik  and 
NJcolet.[  16)  who  have  shown  that  it  it  not  possible  to  deduce  equivalent  average  cross  acctiojf  which  are 
r.ot  altitude  dependant. 
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Pig.  9.-  Photcdiasociation  coefficient  of  NO  versus  altitude  for  an  overhead  sun  and  e 
zenith  angle  of  60' 


The  net  loss  rate  of  nitrogen  oxides  L<N0)  is  given  fcv 


2  Vno  n  (80) 


l>7  n{02)  ♦  b6  n(N0)) 


and  is  represented  on  fig.  10  where  ic  is  compared  with  the  production  and  transport  rate. 


In  the  aiddle  and  lower  stratosphere,  other  rhaaical  reactions  involving  odd  nitrogen  atom  in 
polyatonic  molecules  mist  be  introduced.  The  nest  inportent  constituent  certainly  ie  nitric  acid  on  which 
we  thsU  confine  oar-attention  (fig.  11) . 


This  constituent  is  twinly  produced  by  -the  reaction 


Nf>2  *135  *  3S03 


which  can  be  considered  as  a  three  body  reaction  above  20  kn  and  a  two  body  reaction  ac  sufficient  high  pres¬ 
sure. 


Nitric  reid  is  destroyed  by  hydfojo/1  radicals 


(bj?)  ;  H}»3  o  OB  -*  S20  +  NO, 


end  is  phocodisjoeiated  by  ultraviolet  light 


^HNO^  \ 


o3  *  hv  -*  m:*  so2  . 
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Fig.  10.-  Production,  transport  and  loss  rates  which  can  be  concidered  as  the  -jost 

.probable  in  the  stratospheres  the  production  ten*  nav  increase  in  .he  lower 
part  ol  the  stratosphere  bv  the  coraic  raw  effect. 
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with  i  quantum  yield  which  seems  to  be  equal  to  unity  in  the  190-300  nm  spectral  range  (Johnston,  private 
cotsauhicetion) ,  Those  reaction*  cannot,  .be  considered  as  net  loss  processes  for  odd  nitrogen  since  there  it 
a  reformation  of  nitrogen  di-and  trioxides. 

the  absorption  cross  sectionu  of  HNO,  has  been  measured  by  Dalaon  [  1?.]  ,  Johnston  and  Crabja  {  IS1, 
and  SiainuE  { 19]  .  Front  these  data,  the  photodisiociation  i;befficien.  at  zero  optical  depth  is  found  fa  be 
t',7  x  10-4  s”1  for  X  «  135  -  345  nn.  It»  variation  with  altitude  is  represented  on  fig.  12. 
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Fig.  12.-  Photodissociation  coefficient  of  nitric  acid  versus  altitude  for  different 
values  of  the  solar  zenith  angle  and  assuming  a  quantum  efficiency  equal  to 


Considering  photochemical  equilibrium  conditions  the  ratio  betveen  the  HNO  and  NO,  concentration 
is  given  by 

n(nNOj)  b22  n(0H) 

n(K0.)  .1^  ♦  b„  n(0H) 

and  is  represented  on  fig.  13.  During  daytime,  the  ratio  is  la»ger  than  1  in  the  lower  stratosphere  but  it 
decreases  rapidlv  above  35  Vd.  It  must  be  pointed  out  that  the.  hydroxyl  concentration  plays  an  important 
role  since  HSO,  snd  thus  NOj  and  NO  are  very  sensitive  to  OH.  The  hydrogen-oxygen  atmosphere  must  thus  be 
studied  carefully  since  an  introduction  of  water  vapor  or  methane  in  the  lower  stratosphere  .reduces  the  . 
concentration  of  nitrogen  oxides.  An  example  of  calculated  NO,  NO,  and  HNO-  distributions  is  shown  on 
fig.  14.  i  3 

In  order  to  treat  the  general  problem  of  nitrogen  oxides,  NO-  and  NjO,  must  also  be  introduced. 
Thsiv  principal  reactions  ar«  (see  Brasseur  and  Nicolet  (111)  ' 
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Photochemical  assumptions  give 

t>9  n(03)  n(K02'  +  b3,  n(M,Os)  ♦  b2?  n(0H>  nOlNOj) 


and 


n(K03>  » 


bj0  ♦  bn  n(NO)  ♦  b12  n(S02) 


n(N,0  ) 


b12  n,M)  n(S02>  n(N03) 
bJ2  *  b31  n(tt20) 


5.  CONCLUSION 


The  effect  of  nitrogen  oxides  en  ozone  cannot  he  neglected  in  the  lover  stratosphere.  In  general, 
the  NO  chemistry  can  he  explained  considering  only  the  oxygen  atmosphere.  however,  hydrogen  compound*  play 
an  important  role  in  the  formation  of  nitric  acid  hy  OH  and  therefore  there  is  a  need  to  introduce  all 
aeronomic  reactions  dealing  with  the  formation. and  destruction  of  hydroxyl  and  hydronnroxyl  radicals.  Since 
the  ratio  between  the  OH  and  HO.  distribution  is  sensitive  to  the  nitrogen  and  carbon  oxides  chemistry,  a 
general  aeronomic  model  of  the  Stratosphere  must  fea-built. 

New  values  of  the  important  rate  constants  and  cross  sections  with  quantum  yields  are  needed  as 
well  as  new  observational  data  such  as  tha  recent  measurements  of  NO,  by  Ackerman  and  Muller  (  20]  of  UNO, 


by  Murcray  et_al  (  71]  oi 
Ehhalt  and  Heidt  I  24] . 


NO. 


2  and  HN03  bv  Harries  1  22]  ot  CO  by  Seiler  and  Warnock  ]  23]  and  of  CH^  by 
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Discussion  on  the  Paper 
CHEMICAL  KINETICS  IN  THE  STRATOSPHERE 
(Paper  7) 
presented  by 
C.  Brasseur 


A.  Coldhurg 

This  question  applies  to  all  of  the  NOx  chemistry  papers.  WhRt  is  the  implication  -T  next 
step  if  Schiff's  data,  table  7,  paper  1,  NO  concentration  in  the  stratosphere  equal  to  0.1  ppb, 
turns  out  to  be  correct  ?  • 


C.  Brasseur 

There  is  still  an  uncertainty  in  the  NOj  -  HNO3  ratio  since'  it  is  very  sensitive  to  the 
hvdror/1  radicals  concentration  which  is  not  well  known  at  the  tropopsuse  level.  Thus  the  calculated 
values  of  NO,  N02  and  HNO3  could  slightly  change  if  the  OH  concentration  used  in  our  model  had  to  be 
modified.  - 

But  before  trving  to  explain  Schiff's  data  by  the  theory,  we  htve  to  wait  for  other 
meaaureeents,  for  example  the  data  obtained  with  Girard  and  Farmer's  instruments.  Pr«iminar7  data 
seem  to  show  values  of  NO  which  are  higher  than  the  results  communicated  by  Schxff. 


a?* r  *•■*'■*  <*■  *■* 


8-1 


A  HEW  ANALYTICAL  TECHNIQUE  FOR  CONTINUOUS  HO  DETECTION  IN  HE  RAISE  FROM 

0.1  TO  5000  PPM 

by 

H,  Meinel  and  Th.  Just 

fFVLK  -  Institut  filr  Reaktionskinetik 

P.O.  Box  800  320' 

D  -  7  Stuttgart  80 
West  Germany 


ABSTRACT 

Similar  to  the  technique  of  atomic  resonance  absorption  spectrometry,  the 
source  radiation  of  NO  is  passed  through  an  absorption  cell  supplied  by  the 
engine  exhaust  gas  and  the  amount  of  radiation  absorbed  by  the  NO  molecules  in 
the  gas  is  measured,  /a  source  lamp  for  NO,  a  hollow-cathode  discharge  tube  has 
been  developed  producing  yery  strong  and  sharp  rotational  lines  (’  (0,0)=2269  2). 

The  spectral  band-pass  of  the  nonochrarator  is  about  20  8,  Background  absorption 
due  to  soot,  oil-droplets  and  molecular  species  is  checked  and  compensated  for 
by  means  of  a  nearby  Bi-line  (1  -  2276  a)  from  a  Bi  lollow- cathode  source.  For  • 
this  reason,  the  light  from  the  NO-  and  the  Bi-source  is  alternately  passed 
through  the  absorption  cell  and  the  ratio  of  the  two  resulting  signals  is 
measured. 

i.  imroduction 

Nitric  oxide  (NO;  is  known  to  be  one  of  the  principal  precursors  of  photochemical  smog  (1). 

Kao u*  sources  of  NO  are  internal  combustion,  automobile  engines  and  gas  turbines.  The  quantitative  analy¬ 
sis  of  NO  is  therefore  of  importance  both  in  smog  and  combustion  research.  While  the  literature  concerning 
exhaust  of  other  major  atmospheric  contaminants  like  hydrocarbons  and  carbon  monoxide  is  quite  extensive, 
the  development  of  control  methods  for  NO  has  been  stipulated  very  recently .  (2) .  This  is  mainly  due  to 
the  fact  that  the  measurement  of  NO  in  the  exhaust  gas  of  engines  and  combustors  is  a  more  laborious  and 
lengthy  matter. 

fewer  emission  standards  becoming  effective  in  the  future,  establish  the  need  for  instrumenta¬ 
tion  that  is  capable  or  measuring  continuously  at  lower  concentrations.  Present  methods  commonly  used  for 
continuous  NO  analysis  are  the  chemiluminescent  NO  optical  detection  (NOOD)  (3)  and  tht  nondispersive  in¬ 
frared  absorption  technique  (NDIH)  (!l) .  The  other  end  of  the  optical  spectrum,  the  ultraviolet,  has  re¬ 
ceived  only  little  attention  in  terms  of  NO  detection  so  far  (5).  This  paper  describes  the  initial  devel¬ 
opment  effort  and  application  of  an  ultraviolet  resonance  absorption  method  for  direct  determination  of  NO 
.£3  it  exists  in  exhaust  or  ambient  air. 


H.  NITROGEN  OXIDE  LEVELS 

Approximately  995  of  the  oxides  of  nitrogen  (N0X)  present  in  the  immediate  exhaust  emissions 
have  been  shown  tc  be  in  the  form  of  NO  (2),  The  NO  concentration  in  the  exhaust  of. automobiles  ranges 
frera  about  30  -  3000  ppm  dependent  on  the  mode  of  operation.  Concentration  levels  of  NO  from  aircraft  en¬ 
gines  are  much  l,qwer  than  from  automobile  engines,  typically  10  -  50  ppm  depending  cn  fuel/air  ratio.  T«.e 
1980  emission  goal  for  NO  emission  is  -  on  the  average  -  equivalent  to  approximately  10  ppm  NO  in  a  tur¬ 
bine-powered  passenger  vehicle. 

Since  actual  mechanisms  of  oxidation  to  NO^  (in  the  presence  of  olefins  etc.)  have  been  con¬ 
troversial,  further  laboratory  studies  directed  towards  air  pollution  should  be  performed  at  NO  levels 
actually  encountered  in  polluted  atmosphere.  The  NO  detection  sensitivity  is  therefore  expected  to  cover 
the  range  from  0.1  to  5000  ppm. 

HI.  ABSORPTION  KET.ED  ' 

Nitric  oxide  is  a  strong  absorber  in  the  UV  region.  Absorption  of  light  takes  place  at  the 
2270  A  region  corresponding  to  the  0,0  transition  of  the  y  system  (A  2£  -  X  2H)  (fc).^The  y  bands,  which 
are  sharply  structured,  appear-  to  show  four  heads  arising  from  two  sub-bands  to  the  2FL ..  and  ground 

state  multiple!,  respectively  (separation  121  cra"l).  Fig.  1  presents  a  portion  of  the  ofoTxind. 

Transmission  T  is  usually  defined  in  terms  of  optical  depth  :  by  the  Lambert-Beer  law  (5) 


(1) 

(2) 


T  =  —  =  e 
*o 

t  =  f*kx 


I,  1Q  =  light  intensity  after  and  before  absorption 
k  =  absorption  coefficient  (cm-1)  at  SI? 


x 


fractional  concentration 
length  of  absorbing  path  (cn) 


Figure  1  NO~y  (0,0)cahd,  photographed  in  the  second  order  of  a  5  ra  EEERT 
spectrograph  (reciprocal  dispersion  ^  0.8  8/nn,  30  v  slit). 

Absorbing  path  length  63.8  cm 

a)  Absorption  spectrum  of  NO  at  p;jo  =  O.t  tar.  Hg 

b)  Automobile  exhaust  sample,  110  ppm  NO 

c)  -  Emission  .spectrum  of  MO  from  a  hollow  cathode  discharge  at 

J  -  2  mA  1 

-  d)  Emission  spectrum  of  c,  absorbed  by  a  1200  ppm  NO  exhaust  sample 

Under  careful  laboratory  conditions,  an  absorption  exceeding  about  ?  per  cent  is  detectable. 
According  to  Eq  (1,2),  this  T  =  0.93  criterion  for  estimating  the  limits  of  detectability  corresponds  to 


flex  >  0.02 


which  will  be  evaluated  in  chapter  VI. 


Using  a  continuum  source  for  measuring  the  absorption  of  a  sharply  structured  bard,  only  an 
integrated  absorption  coefficient  is  obtained  since  any  spectrograph  has  a  finite  spectral  bandwidth  (7). 

In  order  to  measure  the  peak  absorption  at  the  line  centers,  a  slit-width  smaller  than  the  line  width  of 
NO  (v  0.01  A)  would  be  necessary,  -his  would  require  a  nigh  resolution  spectrograph  with  an  inherent  low 
signal  to  noise  ratio. 

Similar  to  atomic  absorption  spectrophotometry  (8),  it  appfars  therefore  more  attractive  to 
measure  the  absorption  at  the  center  (X  )  of  the  rotational  lines  by  using  a  sharp-line  source  (source  line 
width  small  compared  to  the  absorption  line  width),  which  has  emission  lines  at  the  same  wavelength  as  the 
absorption  peak  (XQ).  In  this  case  the  effective  bandwidth  is  defined  by  the  half-width  of  the  source 
emission  line.  The  only  requirement  now  is  to  isolate  the  selected  resonance  oand  from  other  neighbouring 
(nonab sorbed)  emission  features  for  which  a  small  monochromator  is  adequate. 

IV.  NO  SOURCE  LAMP 

As  spectroscopic  light  source  that  meets  the  requirement  to  have  a  stable  NO  output  and  to 
emit  sharp  rotational  lines,  a  hollow  cathode  discharge  lamp  has  been  developed.  Regarding  maximum  NO 
emission,  the  hollow,  cathode  larp  has  proved  to  be  most  favourable  since  a  discharge  current  of  about  1  mA 
will  suffice  to  obtain  a  high  signal  to  noise  ratio.  Uue  to  ti.-e  small  current  (power  consiznption  ■vO.jW) 
the  (gas-)temperature  of  the  emitting  source  remains  at  room  temperatime  (Dsppler-width  of  NO  lines  at 
300  K:  -v  0.005  8). 

The  discharge  runs  in  flowing  air  at  a  pressure  of  about  l  mn  Hg,  maintained  by  a  small  rotary 
puna  and  controlled  by  a  needle  valve  set  to  maximum  NO  emission.  Frovidiig  a  sufficient  air  flow  through 
the  tube,  the  amount  of  W  between  cathode  and  viewing  window  is  Kept  low  so  that  self-absorption  in  the 
tube  itself  is  negligible.  The  lamp  is  fed  frem  a  stabilised  power'  supply  similar  to  that  used  for  powering 
photomultipliers . 

Fig.lc  shows  the  0,0  band  in  emission.  Pig.  Id  was  recorded  when  olacing  an  exhaust  sample 
between  source  and  sper’-rograpn.  Prom  a  comparison  of  Kig.lc  and  Id  it  is  evident  that  there  is  practically 
no  interference  due  to  other  emission  lines  Or  bands  within  the  20  °  bandwidth  of  the  monochromator 
(2268  ♦  10  8). 


V.  ESASUR3K  METHOD 

In  order  to  eliminate  errors  due  to  an  interferirg  absorption  continuum  e.g.  by  coexisting 
molecular  compounds  or  scattr  ii^  of  droplets  and  soot  particles,  a  double-beam  design  is  used.  The 
reference  signal  is  obtained  from  a  second,  Pi  hollow  cathode  source  lamp  which  emits  a  strorg  nearby  line 
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at  2276  8  odthin  the  bandwidth  of  the  monochromator)  where  the  exhaust  gas  refrains  transparent  to  NO,  As 
•ng  as  she  background  absorption  at  the  NO-  and  Di-wavelength  is  the  same,  the  intensity  of  the  NO-  and 
hi— sndss'sn  is  affected  to  the  same  extent.  Therefore,  by  measuring  the  ratio  of  the  intensity  of  the  NO 
sand  to  the  iiitensity  of  the  Bi  line,  background  absorption  can  be  compensated  for. 


Mono-  A.C.  NO  Signal 


Figur  2  Schematic  diagram  of  the  UV  resonance  absorption  NO  detector 


?U  -3  shews  a  block  diagram  of  the  actual  apparatus.  Light  from  the  two  hollow  cathode  dis- 
1  jes  passes  alterr-hively  through  the  chopper  wheel,  turning  at  3000  rpn.  The  source  radiation  is  olli- 
„._-d  by  a  spherical  mirror,  consisting  of  two  halves,  before  it  is  passed  through  the  sample  cell.  The 
.ansrdtted  radiation  is  focused  onto  the  monochranatq?  .entrance  slit  and  detected  by  a  solar  blind  spec¬ 
tral  type  photomultiplier  (cut-off  above  m  3000  8). The  resulting  a-c  detector  output  is  further  amplified. 

An  a-c  signal  obtained  from  an  on-off  chopper  mounted  in  front  of  the  chopping  wheel  drives  a  CMOS  switch 
to  positions  corresponding  at  any  instant  to  the  NO  or  Bi  source  light.  Potentials  V-  and  V_,  proportional 
to  sample  transmission  at  the  i30-  and  Bi-wavelength,  are  stored  in  the  storage  elements,  ana  their  ratio  is 
displayed  on  a  recorder. 

Since  in  the  double-bean  method  only  one  optical  path  is  used,  effects  of  du3t  and  condensation 
in  the  exhaust  and  drifts  it.  the  measuring  system  cancel  out.  The  absorption  method  described  is  charac¬ 
terized  by  a  fast  response  to  concentration  c.ai^cs  e.g.  when .installed  in  the  vehicle  exhaust  sampling 
train.  The  response  is  dependent  only  on  the  r  te  of  flow  of  the  gas  through  the  sample  cell  and  the  time 
constant  of  the  electronic  detection  system. 

VI.  MEASUREMENTS 

Prior  to  actual  exhaust  testing,  an  investigation  using  standard  NO  mixtures  in  different  gas 
matrices  was  made  to  determine  the  sensitivity  and  the  interference  fron  other  exhaust  compounds,  such  as 
HjO,  CO,  C0_,  hydrocarbons  etc.  Results  3how  chat  there  is  no  indication  of  an  interference  of  a  sharp-line 
absorber  at^ccncentration  levels  present  m  combustion,  exhaust  or  in  polluted  air.  In  exhaust  samples 
from  piston  engines  at  different  redes  of  operation,  continuous  absorption  has  been  observed.  Continuous 
absorption,  however,  is  eliminated  by  the  dual-beam  method. 

The  absorption  coefficient  of  NO  was  determined  from  optical  density  curves  plotting  log  1/1 
versus  concent;  ‘ion  of  NO  (Fig, 3).  For  a  sharply  structured  spe.  urn,  the  Beer-Iambert  law  (Eq  1)  is  a 
limiting  relati..  .hip  and  only  valid  for  sufficiently  low  optical  uepth  (71.  From  the  slope  of  the 
asymptote  tc  the  tr  •  density  curves,  the  value  of  k  can  be  calculated.  At  low  total  p.-essure  ip  <  1  me  Hg) 
a  value  of  t.  -  150  is  .-stained.  If  che  NO  samples  are  diluted  by  1  atm  N-,  the  absorption  is  decreased  due 
to  pressure  broadening  and  a  k  value  jf  56  is  observed.  For  comparison,  a  plot  of  the  absorbance  is  in¬ 
cluded  in  Fig.  3,  using  a  deuterium  continuum  source  and  aim  monochromator  with  a  bandwidth  of  0,1  A 
(reciprocal  dispersior  16  A /m  1st  order,  12u  entrance/exit  .slit)  yielding  k  :  j?  for  the  band  head  at 
2269  A.  Thi3  indicates  that  even  at  the  above  mentioned  resolution  the  resonance  absorption  method  is  more 
sensitive.  With  a  median  resolution. mo. r.c.hrctn tor  (slitwidth  0.85  A)  the  effective  absorption  coefficient 
is  further  decreased  to  about  5  cm"1  (9'..  For  comparison,  the  k  value  for  the.  iiO  fundamental  in  the  'TR  at 
5.25v  13  2.35 

,  Evaluating  Eq  (3),  the  limits  of  detection  can  be  determined.  In  order  to  detect  0.1  ppm  SO 
(f  =  10  ,  k  =  56)  an  absorption  path  length  of  36m  is  necessary.  This  has  been  realised  by  means  of  a 
multiple  reflection  cell  of  2m  length  using  18  traversals.  With  the  63,8cm  cell,  the  detection  limit  is 
about  5  ppm.  Fig.t  shews  X'ue  calibration  curve  for  this  case. 

Ii.  order  to  establish  the  usefulness  of  the  UV  resonance  absorption  technique,  the  method  has 
been  applied  tc  exhaust  NO  measurement  at  the  vehicle  tailpipe  a-«d  from  exhaust  samples.  The  most  critical 
test  was  conducted  d.iring  actual  exhaust  analysis  by  compari.-g  its  performance  with  a  commercial  chemilu¬ 
minescent  NO  optical  detector.  Comparison  of  results  f  ws  that  the  agreement  between  the  two  methods  is 
about  5  per  cent  at  different  NO  levels  ranging  from  to  -  2KX>  ppm. 
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Figure  3 


C^tical  density  curves  (cell  length  63.8  m<i) 

£  Low  (total-) pressure  sample,'  using  resonance  absorpti m 


technique,  bandwidth  20X 

O  NO  diluted  by  1  atm  N2>  resonance  absorption  technique 

q  NO  diluted  by  1  atm  N?,  using  continuum  absorption 
technique,  bandwidth  'of  monochrcs^titor  0.1  t 
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Figure  ti 


Calibration  curvs  for  a  63.8  cm  exhaust  sanpie  cell 


"The  good  reproducibility  and  accuracy  of  the  results  is  mainly  due  to  the  stability  of  the 
radiation  sources.  Observed  drift  is  less  then  0.5  per  cent  over  sererai  hours;  the  noise  level  at  a  tine 
constant  of  *«  1  sec  is  less  than  0.5  per  cent  f.o.d.  The  extent  to  which  these  fluctuations  can  affect 
the  final  error  depends  on  the  values  of  t)te. ratio  1/1  used  ip  the  experiment;  the  precision  obtained  is 
+  2?.  0 


vii.  coklusigh 


It  has  been  gheun  that  the  Vf  resonance  absorption  technique  is  3  very  suitable,  dircc  detec¬ 
tion  method,  for  continuous  ?J0  measurement,  In  terra  of  sensitiricy  the  new  method  is  superior  to  conventio¬ 
nal-continuum  absorption  techniques  'n  ;he  UV  and  IS  by  a  factor  of  about  10-30.  Since  the  method  requires 
for  spectral  filtering  only  a  vety  sav,C.l  moncrhraaatw,  it  eliminates  the  need  for  delicate,  expensive 
monochromators  and  its  attendant  servr  ce  and  adjustment  problems <  Ihe  aathod  is  craractericed  by  fast 
response,  irattended  operation,  low  luintenanee  and  lew  pote:’  consumption. 
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Discussion  on  Paper  8 

“A  New  Analytical  Technique  for  Continuous  NO  Detection 
in  the  Range  from  0.1  to  5000  ppm’' 
presented  by  H.Meinel 

P.Gohhmith:  Could  ycu  tell  us  whether  tins  technique  is  capable  of  bring  developed  for  operation  in  the  strato¬ 
sphere’  U .would  have  to  go  down  to  values  of  i  ppL  or  less  and  operate  at  low  pressures  of  less  than  1/lOth  of 
atmospheric. 

H.Meinel.  Of  course,  there  are  two  possibilities,  fitst  use  50  traversals  in  a  five  meter  cell,  then  you  can  obtain  an 
increase  in  sensitivity  by  un  orJer  of  magnitude,  also  electronics  could  be  improved  for  a  gain  of  1  to  2  orders  of 
magnitude. 

J.P.Appleton:  Could  you  tell  me  what  advantage  this  technique  has  over  conventional  chcmi-luminescent  techniques, 
since  a  lineai  technique  goes  down  to  the  parts  per  billion  range  and  up  to  the  many  thousand  parts  per  million 
range? 

H.Meinel:  r  rst  it’s  very  easy  to  handle,  plus  you  have  relative  measurement  techniques  where  you  only  have  to 
measure  the  ratio  of  intensities.  In  the  chcmi-lummescence  technique  you  must  measure  absolute  intensity  with 
attendant  calibration  difficulties).  Also  you  have  a  negative  interference  due  to  constituents  in  the  exhaust. 
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This  paper  is  intended  as  an  introduction  to  a  series  of  papers  concerned  with 
the  chemical  pollution  of  tbu  airport  and  its  environment,  it  calls  for  a  careful 
study  of  ail  surveys  so  that  the  inbuilt  implications  of  the  model  are  obvious,  and 
it  concludes  that  the  problems  of  chemical  pollution  by  the  aircraft  themselves  are 
small.  It  suggests  that  much  more  progress  will  be  made  in  attempts  to  reduce 
pollution  around  airports  by  concentrating  upon  organizations  other  than  the  engine 
manufacturers.  It  closes  by  suggesting  that  authors  of  technical  papers  be 
encouraged  to  supply  au  'epilogue'  in  which  t.'.ey  summarize  the  findings  of  their  work 
for  the  benefit  of  the  j.ay  public. 


IHIRODUCTIOK 

Ail  forms  of  transportation  pollute  tijeir  environment,  from  the  horse  to  the  supersonic  aircraft;  in 
fact,  all  combustion  processes  pollute.  But  a  problem  only  exists  when  local  concentrations  of  pollution 
are  excessive.  The  purpose  of  this  meeting  is  to  discuss  the  problems  posed  by  the  use  of  a  transportation 
system  based  or.  aircraft.  This  does  not  mean  to  say  that  the  parts  of  the  system  other  than  aircraft  -  the 
cars,  tuse3 ,  trains,  etc.  which  have  been  used  to  move  the  passengers  or  goods  from  their  starting  coins  to 

their  finai  destination  -  can  be  ignored.  But  as  problems  are  caused  oy  local  concentrations,  only" the 

interface  between  the  aircraft  and  the  other  parts  of  the  whole  system  teed  be  considered  here.  Conse¬ 
quently,  a  study  cf  airports  and  their  environments  must  take  into  consideration  all  other  vehicles,  as 
well  as  the  aircraft ,  which  coni titute  the  local  part  of  the  overall  transportation  system,  and  in 
addition  all  stationary  co&ljustiou  pro',  asses  and  associated  nachinery  ivq  irec  to  satisfy  the  needs  of  all 
at  the  airport. 

In  his  survey  of  atmospheric  pollution  by  aircraft  engines  and  reels  and  related  research  work. 
Professor  Sawyer  listed  27  problem  areas.  These  can  be  gathered  into  groups  depending  upon  the  height  of 
the  aircraft;  the  first  consisting  of  problems  for  aircraft  on  the  ground  and  in  flight  up  to  a  height,  of, 

say,  1  km.  The  problems  of  this  phase  of  the  flight  can  be  described  in  terns  of  the  'airport  and  its 

inaedia.e  environment ' •  A  second  group  is  made  up  of  problems  which  arise  when  the  aircraft  is  above  aoout 
18  km  (to  put  a  number  to  a  strict  dividing  line  which  does  not  occur  in  practice):  they  arise  from  the 
nature  of  the  stratosphere  and  can  be  described  as  'stratospneric' .  Tor  flights  at  intermediate  heights, 
normal  operation  of  aircraft  produces  no  pollution  problem  which  has  not  been  studied  in  one  or  other  of 
the  Two  groups;  but  a  fee  special  problems,  sue.,  as  cloud  cover  in  the  high  troposphere,  do  exist  and  must 
be  separately  considered. 

The  second  group  of  problems  was  discussed  in  Papers  1  io  i:  these  remarks  essay  to  act  as  an  intro¬ 
duction  to  papers  9  to  15  covering  the  first  group  of  problems.  .The  pollution  of  the  environment  by  noise 
is  expressly  excluded  from  the.  discussion.  • 

AIRPORT  AND  ITS  HEIGHEOURHPOP  PROBLEMS 

At  the  start  of  a  study,  it  is  always  beneficial  t;  try  to  assess  the  magnitude  of  the  problem,  so 
that  conclusions  can  be  view.'  la  perspective.  From  a  distillation  of  many  surveys  at  different  airports, 
the  situation  could  be  r.urmar-'  ,od  as:  'By  and  largo,  taking  all  the  commonly  measured  pollutants  int-, 
consideration,  the  airport  profcj My  produces  less  pollution  per  unit  of  area  than  tt-»  surrounding  urban 
community.  ‘  A  closer  lo  <  at  tf.n  surveys  suggests  that  about  half  of  this  polluti^,.  is  produced  by  motor 
vehicles  within  the  air;  srt  perimeter  (fractions  differ  from  one  pollutant  to  another’)  and  a  considerable 
fraction  of  the  remainder  by  aircraft  while  taxying  or  idling  prior  to  take-off.  The  contribution  due  to 
aircraft  taking-off  and  climbing  out  or  de.cending  and  landing  is  a  small  fraction  of  the  pollution  in  a 
fairly  clean  area! 

The  attempt  to  make  this  summary  hig!_lig'nts  one  of  the  major  difficulties  in  this  subject:  it  is  a 
consequence  of  tn«  different  descriptions  sf  the  phenomena  from  which  the  details  of  each  study  have  been 
isolated  and  inter-r Mated,  ihe  in-phrase  is  'the  model' .  The  results  of  each  survey  are  strongly  affect- 
€?d  by  thoughts  and  ideas  ot  these  whe  define  the  aoc'el  -  in  the  first  instance  by  the  choice  cf  poiiu- 
tants  included  and  the  method  of  their  measurement.  But  this  is  an  obvious  lies  which  is  at  once  clear  to 
the  readar*  A  slightly  less  obvious  bias  is  intrrxiuced  by  the  choice  of  assumptions  raade.  These  should 
not  ju:  t  he  read  through  quickly  as  the  preamble  to  the  report,  but  pondered  carefully  and  the  implications 
or  each  individually  and  collectively  weighed.  There  are  subtler  ways  still  A  caking  a  point,  sometimes 
through  the  choice  of  a  word,  or  the  order  in  which  items  are  presented.  It  is  essential  to  these 
surveys  carefully  from  beginning  to  end,  taking  particular  notice  of  assumptions  cade  and  all  the  remarks 
■oi  small  print.  The  reader  should  have  a  large  coloured  crayon  in  his  hand  with  which  to  underline  words 
and  phrases  which  might  be  important  to  a  full  understanding  of  the  results.  As  an  illustration,  consider 
Sawyer  s  statement  in  his  survey  'Tr.e  aircraft  has  been  identified  os  a  small  but  significant  source  of  air 
pollution’.  At  first  glance  it  is  a  better  prGcls  of  the  state  of  affairs  than  the  one  which  started  this 
se-t ion .  But  the  interesting  word  is  'identified* .  The  usual  procedure  for  an  airport  survey  is  to  study 
aircraft  movements,  listing  them  by  types;  determine  quantities  of  emission  of  the  selected  pollutants 
(either  from  the  manufacturers  or  elsewhere)  in  ell  their  operating  conditions;  evaluate  average  times 
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spent  in  ail  phases  of  operation,  and,  by  combining  all  X.±i,  together  with  the  chemical  composition  of 
the  fuels,  arrive  at  a  value  for  the  pollution  emitted  by  the  airoraft  whilst  within  the  confines  of  the 
airport. 

The- instantaneous  ouout  of  the  sensors  placed  oh  the  airfield  rarely  shews  spikes  representing  the 
movement  ui  individual  aircraft.  Individual  aircraft  are  not  identified.  The  total  pollution  calculated 
a*  <■-  reed  *  y  aircraft  within  the  airport  area  is  debited  to  the  airport  area.  Surely  a  good  assumption? 
on  this  sasa  assumption  the  pollution  urcduced  by  a  4,000  Megawatt  power  station  must  be  debited  to  the 
area  of  the  power  station.  If  this  were  done,  the  resulting  estimated  level  of  pollution  would  be  pro¬ 
hibitive.  But  the  pollution  from  the  power  station  is  emitted  from  a  tali  chimney  at  a  reasonably  high 
temperature,  so  that  it  rises  and  disperses  over  v.  large  area.  Granted,  the  height  of  emission  from 
aircraft  is  low  in  this  phase  of  their  operation,  but  the  temperature  of  the  efflux  is  high,  much  higher 
than  from  power  stations.  Perhaps  ti 'a.  dispersion  is  the  reason  why  the  passage  of  individual  aircraft 
has  not  been  identified  and  why  meteorological  conditions  at  individual  airports  ought  to  receive  core 
attention.  Further  mention  of  meteorological  conditions  will  appear  later  in  tnis  paper. 

Criticism  of  a  survey  or  a  parti  model  does  not  deny  that  aircraft  emit  pollutants:  the  purpose 
of  the  remarks  was  to  dr«.v  attention  to  ine  fact  tnat  the  numerical  evaluation  of  the  survey  depends 
strongly  upon  the  model  of  pollution  used.  It  is  to  be  hoped  that  very  careful  scrutiny  of  the  assumptions 
in  any  model  will  be  made  before  important  and  far-reaching  decisions  are  taken  as  a  result  of  the  numeri¬ 
cal  results  presented. 

Turning  to  the  pollute:.  *  lerselves,  they  fall  into  three  groups,  ie; ending  upon  how  they  are 
identified:  those  that  can  oe  seen,  can  be  sr-eit,  and  require  instruments  for  their  detection.  An  under¬ 
standing  of  the  mechanisms  of  production  „f  the  first  sr.d  third  grou.n  is  developing  and  their  control 
within  prescribed  limit  appeal  r  pro'-  —  :.e;  but  at  present  ur.derstar.cing  of  the  production  cl  smells  is 
minimal.  Altnough  to  the  smei’  wi  airports  is  objectionable,  I  have  a  friend  who  enjoys  it  because 
he  associates  Lt  with  travelling  and  going  to  exciting  places.  Perhaps  the  answer  to  the  smell  prohlc.’ 
is  a  P.R.  cajruaigni  To  be  serious,  the  smej.1  problem  is  different  because  it  is  a  difficult  one  to 
quantify  in  -jasolucv  cr  even  compare. ive  terus.  Kc^e  effort  is  required  in  this  field;  and  difficulty, 
which  has  :■  .?r  stored  the  aeronautical  industry  before,  shou.a  not  ae  given  as  a  reason  for  doing 
nothin.,. 

Great  strides  hrve  been  cw.de  in  recent  years  to  reduce  the  quantity  of  particulate:,  in  emissions  so 
that,  now,  in  one  modem  eng'-ie  at  least,  whi’-'e  operating  with  reheat,  the  opacity  fr.ua  tf02  '«• 

e.'cal  to  that  from  par  tic  ui  .as.  Once  this  situ  ition  nas  been  reached,  and  it  will  ult;-  :  .-iy  be  reached 
in  other  engines  with  reheat,  tne  problem  of  further  reduction  of  visible  emission  -  quires  a  twj-pronged 
attack  on  particulates  and  ii02  generation;  and  the  care  for  the  S02  generation  might  conflict  ith  t!  a 
generation  of  NOX  in  other  modes  of  operation.  This  could  result  in  a  slowing  dewn  in  the  inpr  -veaer.t  of 
visible  emissions,  an  improvement  which  has  bee.  particularly  narked  in  recent  years.  It  1.  jtu..-'na'’e 
that  the  visible  emission  from  aircraft  is  viewed  against  a  clear  blue  or  white  background:  to  actuii 
opacity  is  at  least  an  order  better  than  that  proposed  for  motor  vehicles,  whose  exhausts  ar-_  usually 
viewed  against  the  background  of  dirty,  uneven  road  surfaces. 

With  a  typical  survey  of  airport  pollution  as  a  starting  point,  a  quick  study  of  the  polluting 
machinery  involved  shews  th»t  action  other  than  a  meticulous  attention  to  the  jet  engine  exviast  could 
have  a  greater  and  mere  immediate  effect.  Cars  create  about  half  the  present  pollution  at  an  airport  such 
as  Heathrow.  Cars  are  used  by  the  travelling  p-blic,  by  friends  of  the  travelling  public,  by  visitors  and 
sightseers  to  the  airport,  and  by  the  airport  services.  (Maxine.-  pollution  levels  at  Heathrow  were 
measured  in  the  approach  tunnal  through  which  visiters*  yors  reach  the  central  passenger  handling  area). 
Control  on  the  emission  from  ears  will  help  this  part  >:(  the  oroblem,  although  control  on  the  use  of  cars 
and  their  partial  replacsaeut  by  a  non-polluting  ^urm  of  transport  locally,  bvth  for  passengers  and 
services,  could  have  a  great.,:-  impact. 

Taxying  and  idling  are  tre  phases  of  aircraft  .cove men':  which  contribute  most  strongly  to  pollution 
problems.  Recent  moves  in  engine  design  are.  producing  engines  with  combustion  effici-ncies  at  idle  of 
above  95%;  but  surely  an  improvement  in  the  ground  handling  of  aircraft  could  have  a  oore  immediate  (even 
with  existing  engines  with  poor  combustion  efficiencies  at  idle)  and  more  spectacular  effect  upor  pollution 
levels  at  airports.  Taxying  times  cannot  be  eliminated  completely  by  using  non-polluting  traction  mnehods, 
because  engine  checks  nave  to  be  made  prior  to  take-off  ani  the  'uebowing*  problem  requires  the  engines  to 
be  run  at  low  power1  for  about  5  minutes  before  developing  full  power.  The  thrust  developed  eight  just  is 
well  be  used  for  taxying,  but  any  extension  of  the  5-oinute  period  produces  nothing  but  pollution  and 
frustration.  The  layout  of  airports  should  consider  the  relative  location  of  terminal  buildings  and  th»- 
enss  of  runways,  so  that  areas  where  excess  pollution  is  emitted  are  not  up-prevailing-wind  of  highly 
populated  buildings,  loading  bays,  or  housing  adjoining  the  airport. 

This  leaves  the  take-off  and  landing  phases  in  which  there  is  emission  of. pollution  in  spite  of  the 
extremely  high  combustion  efficiencies,  because  of  the  large  quantities  of  fuel  burnt.  Improvements  in 
this  phase  of  operation  can  only  be  achieved  by  reducing  the  quantities  of  pollutants  emitted.  Whereas 
it  is  always  advantageous  to  reduce  the  poll'.  ion  emitted,  seme  attempt  must  be  made  to  assess  the  effect 
of  its  high  temperature  on  Its  ultimate  diffusion,  if  accurate  quantitative  studirj  of  pollution  in  air¬ 
port  viciniti«3  ere  to  be  made. 

In  the  xast  three  paragraphs  many  people  have  been  introduced  into  the  arena  wherein  the  engine 
manufacturer  often  stood  alo.ie.  Only  two  have  an  incentive  to  cut  pollution-,  the  ,  r.gine  manufacturer 
whose  cleaner  engine  would  have  a  tremendous  salej.  advantage  providing  its  economics  are  comparable  to 
those  of  his  competitors,  and  the  airlin»  operator  who  pays  for  the  excess  fuel  burned  (it  would  be  an 
interesting  study  to  see  a  comparison  be.  -.n  the  cost  of  this  fuel  and  the  profi*-  made  on  each  flight). 

At  present,  cost  of  the  external  pressure  to  reduce  pollution  is  exerted  en  the  engine  manufacturer,  Kno 
alreaay  has  a  strong  incentive  to  improve.  The  fruits  of  his  efforts  will,  however,  be  slow  to  manifest 
thcmselv'3  because  of  the  time  delay  cefore  existing  engine  designs  no  longer  form  a  majority  of  engines 
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on  service,  whereas  reduction  of  pollution  by  the  public,  the  airlines  end  the  aiiport  authorities  can 
have  an  iasediate  impact.  This  would  leave  the  imprcvcmeiits  in  engine  design  to  compensate  for  Increase 
'n  traffic  in  the  years  ahead. 


The  outside  oressire  for  these  changes  oust  be  applied  upon  the  airport  aut.iorities,  because  they 
alone  can  react  to  it.  _  In  turn,,  they  can  apply  pressure  c  other  bon  its  in  a  r.unber  of  ways,  a  few  of' 
which  arc  listed  below. 


On  the  Planners  to  ensure  that  new  airports  are  not  built  ir.  areas  which  have  ad  rtrse  meteorological 

-londitions.  Sawyer  discusses  this  wider  Problem  Area  22,  the  'atmospheric  air  pollution  dynamics* . 
In  layman's  language,  thi3  means  that  the  volume  of  traffic,  at  certain  airports  could  bs  limited  by 
the  .ou*i  ic',tc.c*ogisai  conditions  due  to  which  the  local  atmosphere  readies  the  AaxiBMt  acceptable 
standard  of  impurity.  Two  conclusions  from  this  statement  ought  to  he  emphasized ;  the  fi«st,  as 
cautioned  above,  is  that  new  airports  (destined  for  high  .traffic  density)  ought  not  to  be  situated 
in  regions  sneltered  fr.sa  natural  ventilation ,  and  the  second,  that  airports  in  current  use  ought 
riot  to  be  oacde&ned  or  controlled  tv  legislation  arrived  at  its  a  result  of  studies  at  a  few  airports 
where  the  aetcoiclog.eal  conditions  art  town  to  be  particularly  bad  from  the  ventilation  poin'  of 
view. 


On  their  Architects  to  ensure  that  the  relative  location  of  all  buildings  and  the  runway  is  such  as  to 
prevent  the  prevailing  wind  from  blowing  into  an  inhabited  area  the  effluent  from  airciaft  waiting 
at  the  cud  of  the  runway  prior  to  take-off. 

To  design  the  ioadinp.  bays  for-  people  and  goods,  so  that  they  do  not  fora  traps  for  the  pollution 
emitted  when  the  engines  are  started. 

To  ensure  that  any  area  in  which  aircraft  can  stand  with  r.heir  engines  running  does  not  point  tc  or 
adjoin  residential  areas  outside  the  airport. 

To  arrange  that  ail  car  parks  for  the  public  are  so  sited  that  their  effluents  during  approach  and 
parkin,;  (cars  ate  bad  at  idle  as  well)  are  diffused  before  merging  with  another  source  of  pollution. 

C-n  their  Ground  Controllers  to  ensure  that  no  aircraft  should  start  its  engines  until  its  lift-off  time 
has  been  agreed;  and  even  then  only  sufficient  time  should  be  allowed  between  start-up  and  lift-off 
foj  toxving  to  the  beginning  of  the  runway  and  the  concurrent  engine  checks  and  debowing  routine. 
Obviously,  trip  arrangements  for  the  aircraft  in  trouble  with  engine  checks  will  have  to  be  made, 
but  surely  ir,  tho  age  when  we  are  talking  of  doing  away  with  the  stack  at  landing  a&l  giving  ah  air¬ 
craft  a  touch-down  tine  tc  within  10  seconds  when  it  takes  off  thousands  of  aides  away,  we  could 
solve  this  simple  delay  problnru. 


Oo  t.ne  ful-lxs,  whether  the  travelling  public,  their  friends  of  sightseers,  tc  accept  some  reorganization 
in  the  parking  cf  their  cars.  This  should  include  the  supply  of  mechanised  walkways  fresi  the  car 
park  to  the  tctsinal  buildings,  preferably  uader  cover  from  the  elements.  It  is  essential  that  the 
put lie  should  feel  wanted  rad  encouraged  to  travel  bv  air.  - 


The  bias  of  this  paper  is  obvious:  it  agrees  with  Professor  Sawyer  that  aircraft  are  a  small  but 
significant  source  of  pollution,  but  it  considers  hat  the  problems  so  caused  by  low  level  emissions,  are 
small.  It  suggests  that  pressure  for  improvements  exerted  an  organisations  other  than  the  engine 
oanuiact«rsrs  wiki  produce  greater  and  mere  *iwa»4,»a.c  ccnefit.\.  The  engine  manufacturers,  meanwhile, 
ought  to  be  encouraged  to  do  rare  x'esoarcr.  «:  t.r.  smell  problem,  about  which  all  too  little  is  known. 


EPU/?3UE 


.  Pollution  is  a  highly  e active  subject  -  and  often  those  who  knew  toe  least  are  the  most  vociferous. 
The  s.ienti^t,  announcing  his  results,  io.es  sc  in  the  way  he  has  beet,  taught,  expressing  uncertainties  and 
assumptions  clearly.  In  tiw;  ban's  of  unscrupulous  or  n.informed  comacntatcrs,  these  car  oe  amplified  or 
suppresses  30  as  to  change  th*  oi'ereil  ceaninj  of  the  results.  I  see  no  solution  to  this  predicament  - 
cxcOj-T  .perhaps  to  suggest  the  addition  of  an  epilogue  to  each  neper t  wherein  the  author  can  express  bis 
..-tsruivr  jtion  of  the  work  in  layur.’a  terms,  being,  at  the  same  i.iot ,  oxoEpt  from  tr.s  rircurs  of  oxu-iti- 
Code  which  usually  bind  Mir., 
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RELATIVE  AIR  P0L18TI0N  EMISSIONS  FROM  AN  AIRPORT 

XH'jnt.TsirAKO  KS'iGSBQi.raSa  urbak  areas 

A.W.C.  Kcadie,  BSc. ,  PhD.,  <J.  Parker  &  G.H.  Roberts,  BSc., 
Air  Pollution  Division,  Warren  Spring  laboratory, 
Department  of  Trade  and  Industry,  ?.0.  Box  20,  Gunnels 
Bood  Road,  Stevenage,  Hertfordshire,  SGI  2BX. 


SUMMARY 

This  paper  discusses  sir  pollution  levels  at  Staneted 
Airport  in  relation  to  eaiscions  Iron  four  nearby  iown3. 

Calculations  have  been  Bade  of  pollution  emissions  froa 
those  four  sources  and  also.  fbOa  the  airport  and  tha 
expected  contributions  froa  these  sources  at  three  local 
sites  iiave  been  examined.  These  values  are  coapared  with 
actual  ae-asureaents  at  the 'three  sites. 

nmtoDUcnoK 

One  oi  the  probless  in  air  pollution  is  coopering  aajor  pollution  eaissions  froa  different  sources  and  the 
pollution  levels  arising,  froa  thes.  Tnis  has  been  previously  attempted  in  a  paper  on  pollution  at  Heathrow 
Airport'.  This  paper  gave  details  of  ee/umreaentc  of  pollution  levels  froa  both  airport  and  urban  sources, 
but  at  the  ties  it  was  net  possible  to  include  data  on  urban  emissions  in  the  area,  partly  because  no 
complete  orbfert  emission  data  existed  at  that  rise  and  partly  because  of  the  complexity  of  the  urban  pattern 
near  Heathrow.  Because  of  this  csaplsxity  further  studies  were  concentrated  on  Stansted  Airport.  While 
the  total  air  traffic  there  is  such  less  than  at  Heathrow,  it  represents  an  ideal  site  for  basic  work.  It 
i,.  oituateJ  m  open  country  and  has  four  towns  in  close  proxiisityi  Bishop's  Stortford  -  1*2,000  inhabitants, 
at  about  ,  ka;  SiaRO'.od  Hountfitchet  -  4,550  inhabitants,  at  about  1  fca;  Elsenheo  -  2,500  inhabitants,  at 
about  3  ka  and  Takeley  -  T.50G  inhabit  suits,  nt  about  2  ka. 

calculations  based  on  actual  fuel  sales  in  Bishop's  Stortford  have  been  =eade  of  the  likely  pollution 
cnisaione  froa  the  four  towns.  Concucptlon  in  the  three  saallo:  towns  has  been  estimated  fioa  the  Bishop's 
Stoitford  figures  on  a  population  basis.  Eat iawt ions  have  also  been  cade  for  the  aircraft,  road  truffle 
operations  and  heating  plant  at  the  airport. 

The  parts  of  the  pver  are  as  follows: 

1.  Annual  fuel  consumption  1:1  Bishop's  Stortford  , 

2.  Estimated  annual  fuel  constKption  in  Stsnoted  Month,  fitcheb,  Kteenhsa  and  Tokeley 

3.  Pollution  saicsicn s  froa  road  traffic 

4.  Orercll  pollution  emissions 

5.  Estimated  pollution  emissions  froa  £ tans ted  Airport 
5.  fnviroresental  ueirureaonts  at  Stonsted  Airport 

?.  i.-edicted  ground  level  concentrations  froa  all  sources 
2.  Conclusions. 

The  geographical  urea  covered  in  this  paper  is  illustrated  in  Figure  1. 

ANNUAL  HiEb  COKSUjgnOH  h’l  BISHOP'S  STORTFORD 

rfith  the  essietar.ee  of  t.ie  Chief  Public  Health  Inspector  at  B.chop’s  i  tort  ford,  arrangements  were  cade  to 
chock  ororaal  fuel  consvsptions  in  the  town  and  these  dre  shown  in  Trifle  i. 

~TAI its  1  -  Annual-Fuel  Consumption  in  Bishop's  Stent fer-d  -  1970/71 

(Tonne  Year” ') 


Fuel 

Market 

Annual  Consumption 

$c*l 

Domestic 

4,000 

C* 

a 

Industrial 

- 

Saoksle.es  Fuel 

■  Doaectic 

9,000 

»*  »> 

Industrial 

- 

Oil 

Bosestic 

i,oej 

U 

Industrial 

h,046 

Gao 

Doaeetic 

2.295  x  10-  Thoitss 

Cl 

Industrial 

0.405  x  '<P  " 

ESTIMATED  ANKBAI.  fUEb  CaMSaKPHCKS  IH  STAKSTSD  lESOTTFITCgBr,  KLSgiHAH  AND  TOKELEY 

The  annual  cousuaption  m  these  villages  has  bevn  estimated  or.  a  population  basis,  as  being  directly 
proportional  to  th*  fuel  consumption  in  Bishop’s  Stortfcrd.  In  only  one  aspect  will  these  estimations 
differ  and  th?.V  ia  in  the  actual  fuel  conousption  for  induct -y  in  St&a&icd  Kouj.tfitchct,  where  it  has  been 
possible  to  obtain  figures  of  the  fa*l  consusption  in  a  factory  in  the  town.  The  ^onsusptions  arc  shown 
Table  2. 
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TABLE  j  -  Estimated  Annual  Fuel  Cot  sumption  in  Three  Small  Towns 

-1 

(Tonne  Year  ) 


Fuel 

Market 

Stanstcd  hountfitchet 

Elsenhan 

Takeley 

wCSa 

Domestic 

818 

454 

273 

Smokeless  Fuel 

Bonectic 

iS'.i 

1022 

6l4 

Oil 

Domestic 

205 

114 

68 

Oil 

Industry 

19 

- 

- 

POLLUTION,  EMISSIONS  FROM  HOAD  TRAFFIC 

When  dealing  with  estimations  of  pollution  from  road  traffic  the  position  is  more  complex.  It  is  not 
possible  to  obtain  details  if  actual  sales  of  actor  fuel  in  a  town,  which. would  enable  estimations  to  be 
trace  similar  to  those  cade  for  static  sources.  However,  the  Departner.t  of  Trade  ar.d  Industry  publishes  a 
Digest  of  Energy  Statistics2  in  which  total  regional  fuel  sales  are  listed.  The  1971  figures  for  the  East 
Ar.glj.ti  Region  in  which  the  four  towns  are  located,  were:  Petrol  -  0.549  x  10®  tonne;  Diesel  fuel  -  0.201 
x  to.uie,  The  population  of  this  region  was  I.6S1  x  10®  inhabitants.  The  pollution  emissions  in 
Bishop’s  Sto.-tfcrd  are  estimated  jn  the  ratios  of  the  .-espeotive  populations  and  also  on  the  assumption 
that,  on  average,  netrol  vehicles  travel  8.8  ka  1"  ‘  and  diesel  7.0  kn  1**.  The'/artors  for  the  vehicles 
are  also  the  sane  as  quoted  in  the  Heathrow  paper.  In  turn  these  estimations  have  been  extrapolated  down 
for  otansted  Mount fitchet  and  Elscnhaa.  One  complication  however,  is  that  th .  town  of  Takeley  i_-  situated 
on  the  main  A. 120  road  and  therefore  the  traffic  through  the  town  will  be  ’such  higner  than  would  no  really 
be  expected  in  a  similar  small  town  not  on  a  main  highway.  It  was  therefore  decided  .to  eoticate  road 
traffic  pollution  emissions  in  this  town  from  the  traffic  ceneuo  figures  taken  on  this  road  in  1971. 

These  showed  that  the  traffic  flew  was  3569  diesel  and  8326  petrol  vehicles  per  day. 


During  the  worn  it  Stanstcd  there  was  ccae  evidence  that  the  through  road  past  Stansted  Hountfitchet  was 
being  used  by  traffic  going  to  the  A. 11  an  a  short  cut  co  avoid  passing  through  Bishop’ 3  Stortford.  In 
the  time  availed. e  it  was  not  possible  to  carry  out  a  traffic  count  on  this  road  to  determine  whether  the 
estimates  of  omissions  from  traffic  in  otansted  Mountfitcbet  were  too  low.  Ec-ause  of  the  volume  of 
traffic  cr.  the  A.  rl  trunk  road  it  is  possible  that  the  pollution  emissions  froa  road'  traffic. used  for 
Bishop's  Stortford  and  Stanstcd  Mountfitcbet,  may  be  about  5  per  cent  low. 

OVERALL  POLLUTION  EMISSIONS  Ill  THE  FOUR  TdWr&  - 

For  convenience  it  is  proposed  to  summarize  tn-  estimated  emissions  froa  all  sources  in  the  four  towns. 
The  figures  are- shown  ir.  Table  3.  it  must  be  remembered,  however,  that  it  is  not  possible  to  predict  the 
contributions  to  the  ground  level  concentrations  from  theoe  overall  figure:,  alone  because  the  dispersion 
characteristics  of  each  class  of  <cicsion  are  different.  For  example,  domestic  emissions  generally  o-cur 
at  a  height  of  about  10  metres,  industrial  eaicsions  from  20-3C  metres  (come  larger  industries  emit  at 
heights  of  over  203  metres)  and  road  traffic  at  less  than  1  metre. 

TABLE  3  -  Overall  Pollution  Emissions  in  the  Four  Towns 
(Tonne  d-”1) 


Town 

CO 

f!0x 

Hydrocarbons 

S02 

Particulates 

Bishop's  Stortford 

Domestic 

5.56 

0.21 

0.63 

0.50 

Industrial 

0.01 

0.07 

- 

0.58 

0.04 

Road  Trafiic 

8.77 

1.27 

1.06 

- 

0.09 

Total 

14.34 

1.55 

1.06 

1.21 

O.65 

Stanstcd  Hountfitchet 

Domestic 

1.14 

0.04 

• 

0.13 

0.11 

Industrial 

-» 

0.01 

- 

- 

Road  Traffic 

1.50 

0.26 

0.18 

- 

0.02 

Total 

2.94 

0.31 

0.18 

C.13 

0.13 

Elocnhars 

Domestic 

0.63 

0.03 

- 

0.07 

0.05 

Road  Traffic 

0.99 

0.19 

0.11 

- 

0.01 

Total 

i;62 

0.22 

0.11 

0.07 

0.06 

Takeley 

Doa> - '  "c 

0.38 

0.02 

0.03 

0.04 

P  ‘  '5c 

0.74 

0.12 

0.09 

- 

0.01 

Totm. 

1.12 

0.14 

0.0® 

0.05 

0.05 

P-  - 


ESTIMATED  FOLMTIOH  EMISSIONS  AT  STAKSTKD  AIRPORT 
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It  is  cot  proposed  to  show  in  detail  the  complex  calculations  for  estimating  the  emiesit.  t  from  aircraft 
operations.  They  have  been  estimated  on  the  same  basis  as  that  used  in  the  work  at  Heathrow. 

Data  supplied  by  the  British  Airport  Authority  for  aircraft  movements  at  Stansted  Airoort  are  shown  in 
Table  4. 

The  general  aviation  category  consists  nainly  „f  small  petrol-driven  aircraft  used  for  private  flying. 
TABLE  -  Total  Aircraft  Hoveaents  at  Stansted  Airport  1970-71 


Typos  Yearly  Total 


Turboprop  5,359 
Short-.  Haul  Jets  9,381 
Long  Haul  Jets  10,79? 
General  Aviation  18,722 


For  estimating  pollution  emissions  during  taxi-ing  operations  a  total  ground  movement  time  of  6.7  ainutes 
per  scheduled  aircraft  was  chosen  f.oo  the  British  Airport  Authority  records.  Total  gro.rnd  movement  tiao 
for  the  general  aviation  category  was  2.23  minutes  because  this  category  seldom  use  the  full  length  of 
the  runway.  For  calculating  the  emission  density  at  the  airport  a  surface  area  of  3.54  square  kilometres, 
was  used. 

Road  Traffic 

Ruling  the  work  traffic  counts  were  made  of  vehicles  entering  the  airport  terminal  area.  A  detailed 
analysis  of  this  traffic  flow  will  be  given  in  a  later  paper,  but  the  mean  flow  during  the  period  of  the 
tests  uas  1419  vehicles  per  day,  of  which  approxi-nstely  30  per  cent  were  diesel. 

Static  Sources 

There  ore  a  number  of  small  package  units  providing  the  central  heating  plr..t  at  the  terminal  area.  The 
pollution  emissions  from  these  plants  during  the  periods  November  1971,  and  Februaiy  to  April  1972  have 
been  estimated  from  actual  fuel  consumption  data.  During  these  periods  the  total  fuel  consumption  vsb 
42,270  and  '30,631  litres  of  34  second  oil  respectively. 

The  total  emissions  of  pollution  from  operations  at  the  airport,  i.e.  aircraft  operations,  toad  traffic 
and  heating  plant,  are  given  In  Table  5. 


TABLE  5  -  Estimated  Pollution  Emissions  at  Stansted  Airport 


(Tonne  d”  ) 

Operation 

CO 

?J0 

X 

Hydrocarbons 

so2 

Particulates 

Aircraft  Operations 

Taxi-ing 

1.53 

0.03 

0.63 

- 

0.005 

Groundborne  toke-oif 

0.0! 

0.03 

0.01 

- 

0.007 

Airborne  take-off 

0.01 

0.01 

- 

- 

0.003 

Aircraft  Total 

1.57 

Q.07 

0.64 

- 

0.015 

Hoad  Traffic 

0.06 

0.01 

0.01 

0.001 

Central  Heating  Plant 

- 

O.Oi 

- 

o.oiS 

- 

Grp  •sis  Total 

i.e  3 

0.09 

0.65 

Q.f-.o 

0.016 

p  2 

Taking  Bishop's  Stortford  (area  15*30  km  )  and  Stansted  Airport  (area  3*54  ka  ),  the  emission  densities 
have  been  estimated  from  the  emission  data  in  Tables  3  and  5  and-  arc  compared  in  Table  6. 


TABLE  6  -  Pollution  Emission  Densities  -  Stansted  Airport  and  Bishop's  Stortford 


(Tonne  km“^  d-1) 

Location 

CO 

KO^  Hydrocarbons 

S02 

Particulates 

Bishop's  Stortford 

0.8? 

0.10  0.07 

o.oS 

0.05 

Stansted  Airport 

0.46 

0.02  0. 18 

0.01 

0.01 

From  Table  6  it  can  be  seen  that,  of  the  major  pollutants  emitted  from  both  sources,  it  is  only  in  the  case 
of  total  hydrocarbons  that  the  airpor'  emission  densities  exceed  thore  of  Bishop's  Stortford. 

EmSOKHB.TAL  MEASUREMENTS 

Because  of  the  low  values  of  carbon  monoxide  and  total  hydrocarbons  obtained  near  the  runway  at  Heathrc- 
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no  measurements  of  these  pollutants  were  undertaken  at  Stanaved.  Measurements  were  confined  to  eaoke  and 
sulphur  dioxide  and  these  determinations  were  carried  out  ae  described  m  tho  Hnticn/J.  Survey  of  Air 
Pollution,  1961-71,  Volume  1,  page  4. 

Measurements  were  carried  out  in  two  stages: 

1.  Two  standard  volumetric  instruments  were  installed  to  sample  eaoke  and  sulphur  dioxide  in  the  positions 
efcovn  in  Fig.  1,  i.e.  one  in  a  hut  to  the  cast  of  the  lain  runway  (Site  A)  anc  the  other  in  the 
Instrument  Landing  System  enclosure  at  the  end  of  Runway  05  (Site  3). 

2.  At  the  end  of  the  preliminary  work  a  directional  sampler  was  installed  at  the  north  west  perimeter  of 
the  airport  (Site  C)  to  coaphre  pollution  levels  arriving  at  the  site  from  t!  ree  different  directions: 

(i)  a  50°  sector  from  the  direction  of  Bishop's  Stortford, 

(ii)  a  60°  sector  from  Stansted  Mountlitchet ,  and 

(iii)  an  80°  sector  from  the  airport. 

Preliminary  Work 

Measureaonts  were  carried  out  from  September  to  November,  1971.  The  camples  were  changed  daily  V,-  the 
Airport  Fire  Brigade  and  e  summary  of  the  results  is  given  in  Table  7. 

TABLE  7  -  Average  Honthly  Concentrations  of  Smoke  and  Sulphur  Dioxide  at  Starsted  Airport 

(pg  a"3' 


‘  Month 

Site 

A 

Site  B 

Smoke 

so2 

Smoke 

w 

<u° 

September 

20 

61 

25 

55 

October 

18 

53 

21 

50 

November 

33 

73 

?4 

6? 

Average 

24 

62 

27 

57 

It  is  interesting  to  note  that  ir.  November  with  the  arrival  of  the  heating  season  the  smoke  .oncuat rations 
rose  by  nemo  37  per  cent,  consistent  Kith  increased  use  of  domestic  fuel.  Air  traffic  Bt  tr>»  airport, 
however,  decreased  from  3,800  movements  a  month  during  September  and  October  to  2,600  movements  a  coni t  by 
Novenbr-^;  a  decrease  of  soar.  32  per  cent. 

Thi/»  shows  that  any  decrease  in  smoke  emissions  from  reduced  aircraft  operations  was  swamped  by  increased 
emissions  from  domestic  sources. 

This  is  probably  best  explained  by  examining  tho  macs  emissions  of  ecoke  from  aircraft  operations  and 
comparing  the  values  with  similar  emissions  from  domestic  sources.  As  can  be  seen  in  Table  5,  the 
average  daily  emission  of  sook*  from  aircraft  operations  amounts  to  some  0.015  tonne  d~’.  Eecsvre  of  the 
32  per  cent  difference  between  summer  ana  winter  air  traffic  this  would  result  in  a  smoke  emission  of 
approximately  0.0'8  tonne  d'1  m  the  summer  and  0.012  tonr.e  d_1  in  the  winter,  a  difference  of  0.006  tonne 
d“  »  On  the  other  hand  the  average  yearly  emission  of  smvke  from  Bishop's  Stortford  amounts  to  some 
0.50  tonne  d_1  (Table  6).  Between  winter  and  Rummer  this  value  probably  varies  between  0.7  and  0.3  tonne 
d”'  respectively,  a  difference  of  C.h  tonne  d”  ,  or  approximately  65  times  the  neasonal  difference  in 
emissions  from  aircraft  operations. 

Directional  Sampler 

The  instruments  used  with  this  equipment  were  controlled  by  a  win C  vane  and  anemometer  to  switch  on  only 
when  the  wind  was  within  the  specified  sectors.  Using  the  M.3.T.H.  technique**,  determinations  were  also 
made  o'  gaseous  aldehyde  concentrations  in  two  of  the  sectors  to  compare  aldehyde  levels  from  the  airport 
with  levels  from  Stansted  Mountfitchet.  A  summary  of  the  average  monthly  concentrations  is  shown  in 
Table  8. 


TABLE  8  -  Monthly  Summary  of  Results  at  Site  C 
(PC  a-3) 


Month 

Bishop’s  Stortford 

Stansted  Mount fitchct 

Airport 

Smoke 

s°2 

Smoke 

S02 

Aldehydes 

SflSkc* 

SO, 

Aldehydes 

February 

_ 

_ 

19 

50 

7 

25 

65 

3 

March 

12 

93 

14 

***» 

28. 

is 

44 

12 

April 

6 

63 

12 

9o 

3£ 

11 

34 

24 

Key 

14 

iOl 

6 

66 

26 

10 

33 

’9 

June 

8  . 

64 

7 

88 

33 

2 

43 

24 

Average 


So 


25 
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From  Table  8  it  tan  be  seen  that  the  concentrations  of  smoke  froa  the  three  sectors  enclosing  Bishop's 
Stortford,  Stansted  Kountfitchet  and  the  airport  plus  Takeley  were  all  low,  as  would  be  expected  in  a 
rural  area  such  as  this,  although  they  do  seen  rather  low  in  relation  to  the  SO-  values  and  soae  doubt 
Bust  surround  their  validity.  The  amount  of  SOg  emitted  froa  the  airport  will  Be  small  and  some  of  the 
SO.,  m  this  sector  will  core  from  Takeley.  The  highest  concentrations  came  from  tne  direction  of  Stonoted 
Hountfitchet. 

One  surprising  result  of  this  investigation  was  noticed  during  comparison  measurements  of  aldehyde 
concentrations  in  the  sectors  enclosing  Stansted  Kountfitchet  and  the  airport.  As  may  be  seen  froa  Table 
8  the  concentrations  from  the  direction  of  the  village  were  consistently  higher  than  those  froa  the 
airport.  From  the  fuel  consumption  figures  shown  earlier  in  this  paper  this  would  not  be  expected.  The 
major  cause  of  tnis  was  probably  traffic  on  the  road  froa  Stansted  Kountfitchet  as  it  passed  close  to  the 
site.  However,  the  series  of  measureeents  did  coincide  with  the  miners'  strike  in  February  and  Karch  and 
eooe  contribution  sight  have  come  from  the  burning  of  wood  rather  than  coal  and  coke. 

rfiEDJCTED  GROUND  LEVEL  CONCENTRATIONS 


The  results  presented  in  the  previous  section  give  soae  idea  of  the  concentrations  of  ccoke  and  SOp 
prevailing  in  the  neighbourhood  of  Stansted  Airport.  An  indication  is  also  given  of  the  ‘.directional 
dependence  of  the  observed  concentrations.  However,  because  there  is  a  significant  and  variable  transport 
of  pollution  into  the  Bishop's  Stortfard/Stan3ted  Hountfitchet/Takc-ley  area,  it  is  not  possible,  froa  the 
directional  neasureaents  alone,  to  quantify  the  contributions  osde  by  the  local  sources.  As  a  first 
attempt  at  quantifying  -.base  contributions  none  diffusion  calculations  were  carried  out  based  on  the 
approximate  emission  and  meteorological  data  available.  The  prediction  method  and  the  results  are 
discussed. 

The  diffusion  formula  used  to  calculate  the  urban  (domestic,  industry  and  load  traffic)  and  airport 
terminal  (space  heating  and  road  traffic)  contributions  to  ground  level  concentrations  is  of  the  Gaussian 
type  and  takes  the  fora 

-  r-  /  ..2  „2  ..  — « 


A  mu  a  o  c  f.  ‘  \  a  2  it  2  I  ' 
y  2  t_  '  y  z  / 

where  X  is  the  concentration,  (units  r:  f ) 

Q  is  the  emission  rate,  (units  ^"‘) 
u  is  the  aeon  wind  speed,  in  s“  ) 

o  .  cr  are  the  cross  wind  and  vertical  plume  standard  deviations,  (a) 
y  2. 

H  is  the  effective  source  height,  (a) 

x,  y  and  z  are  the  down  wind,  cross  wind  and  vertical  distances,  (o) 

Following  Turner^  and  Singer  and  3nith*\  a  and  o  can  be  expressed  in  the  fora 

>  z 


0.36  x 


=  0.33  x  0,86  !  unstable  ) 


r  0.32  x 
+  0.3'>  x 


=  0.22  x 


neutral 


=  0.06  x  °*7’  ;  stable  ) 


where  a  is  the  initial  cross  wind  standard  deviation  of  the  plume, 
o 

Bishop's  Stortford,  Stansted  Hountfitchet,  Elsenhac,  Takeley  and  the  airport  terminal  were  treated  ns 
individual  area  disc  sources  for  each  pollutant  and  eacn  type  of  source  (e.g.  domestic  or  road  traffic). 

It  wan  further  assv led  tnat  each  disc  could  be  approximated  by  a  normally  distributed  line  source 
orientated  cross-wind  and  passing  through  the  centre  of  the  disc  with  t'er  equal  to  the  disc  diameter 
(Turner).  The  effective  height  cf  road  traffic  sources  was  taken  as  la,  domestic  ar.d  terminal  area  space 
heating  sources  ao  10a,  and  industrial  sources  as  30= •  The  effects  of  topography  were  neglected. 

Domestic  emissions  of  pollution  were  assumed  to  be  dependent  on  the  ambient  air  temperature  (T  °  F) 
according  to  the  formula 

Q  =  Q  f  a  (60  -  T)  f  0.3  ]  (3) 

whore  Q  is  the  mean  emission  rote  and  where  a  =  o  for  T  i  60°F  and  a  =  0.052  for  T<  60°>‘  (Shieh^  et  al). 
Typical  monthly  average  values  of  (60  ”  T)  appropriate  to  the  area  vei;e  extracted  froa  Column  11,  Table  IV 
of  the  Gas  Council’s  Handbook  on  Degree  Days®.  Act.,al  emission  figures  were  used  for  the  terminal  space 
heating  plant.  All  calculations  were  based  on  a  mean  wind  speed  of  sec-1  and  on  the  assumption  that 
the  frequency  of  occurrence  of  the  stability  categories  in  the  area  was  1556  unstable,  3556  neutral  and 
50Jo  stable  (Bannon^  et  al). 

For  the  present  purposes  it  was  assumed  that  the  emissions  from  aircraft  operations  were  entirely  due  to 
taxi-ing,  occur  at  ground  level  and  were  distributed  along  the  length  of  the  airport.  Although  this 
approximation  is  reasonable  for  CO  and  hydrocarbons,  it  is  pessimistic,  in  terms  of  air  quality,  for  NO^ 
and  particulates  (sec  Table  5).  It  was  also  assumed  that  the  aircraft  emissions  were  constant  throughout 
the  year.  The  contribution  mace  by  these  emissions  to  pollution  concentrations  at  C  was  calculated  by 
considering  the  airport  as  a  line  source- cf  infinite  length  with  an  emission  rate  per  unit  length  equal  to 
the  total  emission  rate  d.vided  by  the  airport  length.  In  this  case  tne  appropriate  diffusion  equation 


=  JIS2_ 

4  » 
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where  Qa  is  the  rate  of  emission  per  unit  lengths 


In  order  to  assess  how  good  the  predictions  are,  a  ccoparioon  was  cade  with  the  observed  values  of  smoke 
and  SOg  at  sites  A  and  B  for  the  month  of  November,  1971.  The  results  from  these  two  sites  were  chosen 
for  comparison  purposes  in  preference  to  the  results  from  the  site  C  because  the  smoke  figures  in 
particular  are  considered  to  be  more  reliable. 


The  observed  smoke  and  SO_  figures  in  Table  9  are  the  mean  values  for  those  days  on  which  the  wind  blew 
predominantly  from  the  relevant  directions. 


TABLE  9  -  Comparison  between  Observed  ana  Calculated  Srol.e  and  SG„ 
Concentrations  at  Sites  A  and  B  during  November,  *>971  * 


(uS  ®”^) 


Smoke 

S°2 

Source 

Calculated 

Observed 

Calculated: 

Background 

Calculated 

Observed 

Calculated* 

Background 

Site  A 

Biohoo’s  Stortford 

14 

39 

32 

22 

76 

55 

Stansted  Mount fitches 

7 

.36 

3i 

0 

S4 

43 

Site  B 

Bishop's  Stortford 

17 

*r. 

4: 

25 

62 

58 

Stanstcd  Kountfitchet 

7 

29 

31 

10 

70 

43 

From  Table  9  it  is  apparent  that  the  calculated  concentrations,  based  on  the  assumption  that  the  sites 
were  directly  downwind  of  Bishop's  Stortford  and  Stanoted  Kountfitchet,  were  au>_h  less  than  th:  observed 
values  for  both  pollutants.  The  difference  could  be  due  entirely  to  a  poor  prediction  scheme  but  it  seems 
probable  that  a  large  part  of  the  difference  is  the  result  of  neglecting  the  local  background  concentra¬ 
tion'.;,  or,  more  correctly,  the  pollution  transported  into  the  pren  from  more  distant  sources. 

Insufficient  observations  have  been  made  locally  to  quantify  the  transported  contribution  so,  as  an 
■.stima to,  it  was  decided  to  take  the  aver age  November  concentrations  for  the  two  nearest  cites  forming 
part  of  tle  rJK  networm  of  background  sites.  The  average  figures  are  24  pg  m~3  for  smoke  and  33  pg  a"-*  for 
sulphur  u-oxide,  and  these  have  been  added  to  the  calculated  values  in  Table  9  to  give  the  figures  in  the 
third  and  sixth  columns  of  this  table.  The  agreement  between  the  calculated  ♦  background  and  the 
observed  figures  is  ouch  better  and  is  remarkably  good  for  smoke,  although  the  almost  perfect  agreement 
for  Bishop's  Stortforc  is  sore  fortuitous  than  the  result  of  a  highly  accurate  prediction  scheme.  In  the 
case  of  SO<j,  cue  calculated  .  background  values  arc  c-'.ull  much  less  tnan  the  observed  values,  particularly 
for  the  Site  A  and  the  Star.sted  kountfitchet  direction.  The  remaining  discrepancies  may  arise  from  a 
Vjj-iety  of  factors,  c.g.  deficiencies  in  the  model,  neglect  of  unidentified  emitters  in  the  directions 
concerned,  or  an  underestimation  of  the  emission  factors. 


Accepting  that  the  relatively  cru  preaiction  scheme  gives  a  reasonable  idea  of  the  identified  sources’ 
cor.tnoutions  to  pollution  concentrations,  it  was  used  to  calculate  the  various  known  souices’  average 
contributions  to  the  pollution  levels  at  Site  C  for  a  typical  February  to  April  period.  This  period  was 
chuSer.  because  it  coincides  with  part  of  the  perioa  during  which  directional  measurements  of  smoke  and 
S05  vert  made  at  Sits  C.  ike  contribution  from  each  source  was  calculated  on  the  basis  that  the  source 
was  directly  up-vlna  of  Site  C.  The  results  are  show7i  in  Table  10. 


Putting  the  airport  contributions  into  perspective  relative  to  the  urban  contributions  but  bearing  in  mind 
the  very  approximate  nature  of  the  prediction  scheme  and  emission  data,  it  car,  be  seen  that  the  airport 
contributions  to  smoke  concentrations  at  Site  C  are  less  than  those  for  the  town  of  Takeley,  the  smallest 
town,  while  the  contributions  to  SGp  and  NC_  are  comparable  with  those  of  Takeley.  Carbon  monoxide  from 
the  airport  is  more  than  that  from  Takeley  but  less  than  the  contribution  from  the  next  largest  town, 
Elsenham.  It  is  only  in  hydrocarbons  that  the  airport  contribution  exceeds  the  contributions  from  any  of 
the  urban  sources.  (90  per  cent  of  the  airport  hydrocarbons  coao  from  aircrart  operation:,).  However,  it 
should  be  pointed  out  that  the  airport  contribution  of  under  iO-?  ppm  (based  on  hexane  equivalent)  to  the 
Hydrocarbon  concentrations  is  at  least  an  order  of  magnitude  less  than  the  typical  hydrocarbon  levels 
(excluding  methane)  in  a  polluted  atmosphere  (Barrett"0).  In  the  case  of  CO.  the  airport  contribution  is 
less  than  the  typical  concentration  in  an  unpolluted  atmosphere.  Having  made  these  comparisons  for  the 
central  site,  it  must  be  pointed  out  that  the  concentrations  of  hydrocarbons  and  CO  contributed  by  Che 
aircraft  operations  will  be  higher  closer  to  the  airport  and  within  the  airport  itself. 


The  relative  contributions  mads  by  the  airport  will  probably  be  higher  during  the  summer  months  than  the 
figures  in  Table  10  indicate  because  domestic  emissions  will  be  much  smaller  and  there  will  be  a  15  to  20 
per  cent  increase  in  aircraft  operations.  Oa  the  other  hand,  the  absolute  concentrations  due  to  the 
airport  could  be  small- r  due  to  the  better  dispersion  during  the  summer  months.  Also,  as  noted  earlier, 
.aking  the  airborne  take-uff  emissions  as  occurring  at  ground  level  will  have  meant  some  overeat icat ion 
of  the  contribution  made  by  the  t.  j  craft  operations,  particularly  to  smoke  concentrations;  these  airborne 
emissions  occur  at  heights  ranging  from  0  to  500  metres. 
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TABLE  10  -  Average  Calculated  Contributions  made  by  the  Various  Sour  cs  to  Pollution 


-Concentrations  at  the  Si*e  C 

for  a  typical  February  to  April 

period 

* 

(pg  *“'*) 

Source 

Smoke 

so2 

CO 

I!0^  Hydrocarbons 

Towns  (Domestic  and  Industry) 

Bishop's  Stortford 

14 

24 

148 

6 

Stausted  Hountfitchot 

8 

10 

85 

3 

- 

Elsenhas 

3.4 

4.7 

43 

2 

- 

Takeley 

2.5 

3.1 

«%i. 

1  * 

- 

Towns  (P.oad  Traffic!- 

Bishop's  Stortford 

2.2 

_ 

211 

31 

26 

Stansted  Mountfitchet 

1*5 

- 

137 

20 

14 

Elsenhaa 

0.? 

- 

65 

13 

7 

Takeley 

0.6 

- 

42 

7 

5 

Airport 

Terminal  Area  (Central  Heating) 

_ 

7.5 

0.7 

Hoad  Traffic 

0,3 

- 

2"1 

3-5 

3-4 

Aircraft  Operations 

0.? 

- 

76 

3.4 

31 

Totals 

Bishop's  Stortford 

16.2 

24 

559 

37 

26 

Stansted  Hountfitchot 

9.5 

10 

220 

23 

14 

Elsenhaa 

4.1 

4.7 

108 

15 

7 

Takeley 

3.1 

3.1 

66 

8.3 

5 

Airport 

1.0 

2.5 

97 

7.6 

34.4 

Note  The  above  contributions  are  in  addition  to  the  background  levels 

prevailing  in  the  area  e.g.  during  the  February/April  period  background 
levels  of  stake  and  sulphur  dicccide  were  almost  certainly  in  excess  of 
20  pg  o-3. 

CONCLUSIONS 

This  paper  compares  the  approximated  emissions  of  air  pollutants  frcn  Stansted  Airport  and  four  neighbour¬ 
ing  urban  areas  and  also  compares  the  calculated  contributions  these  emissions  will  cake  at  a  central 
point.  With  the  exception  of  hydrocarbons,  total  emissions  from  the  airport  are  about  the  sane  as  or  less 
than  the  total  caissions  fres  Klsenhas,  the  second  scaliest  of  the  four  urban  areas.  The  airport  total 
hydrocarbon  emissions  {98  per  cent  of  which  cone  from  aircraft  operations)  amount  to  about  6C  per  cent  of 
the  approximated  road  traffic  caissions  of  this  pollutant  in  Bishop's  Stortford,  the  largest  cf  the  four 
.urban  areas.  Howevsr,  on  the  basis  of  an  eaission  rate  per  square  ka  of  urban  or  airport  area,  the 
airport  hydrocarbor  -missions  are  some  2.5  tines  the  Bishop's  St or t lord  emissions. 

Using  a  fairly  simple  prediction  scheme  and  the  approxim-ts  eaissiou  data  available,  the  contributions  to 
the  pollution  concentrations  at  a  central  site.  Site  C,  were  computed  for  a  typical  February  to  April 
period.  It  was  found  that,  with  the  exception  of  hydrocarbons  and  to  n  lesser  extent  CO,  the  airport 
contributions  were  relatively  small  in  comparison  with,  the  other  sources.  Even  in  the  case  of  hydrocarbons 
the  calculated  typical  contribution  to  concentrations  at  the  central  site  (about  1100  metres  from  the 
airport)  were  at  least  an  order  of  magnitude  less  than  the  typical  hydrocarbon  concentrations  (excluding 
methane)  in  a  polluted  atmosphere. 

As  a  broad  generalisation  it  ecu' Id  be  said  that  replacing  the  airport  by  the  smallest  town,  Takeley 
(population  of  would  have  the  effect  at  the  central  site  of  increasing  the  concentrations  of  all 

the  pollutants  Except  hydrocarbons.  No  attempt  has  been  cade  lo  assess  the  effect  on  odours.  No  attempt 
was  made  to  c<-  .or  odours  because,  to  date,  there  is  no  atisfactory  analytical  technique  which  can  be 
readily  used  10  monitor  the  rapid  changes  in  odour  emissions  from  coving  aircraft. 

This  paper  has  been  able  to  give  only  some  idea  of  the  likely  contributions  to  pollution  levels  from 
identified  sources.  Difficulties  have  arisen  in  trying  to  arrive  at  agreement  between  the  predicted  and 
observed  concentrations  of  smoke  and  SO2  presumably  because  the  prediction  scheme  as  used,  is  not  valid; 
the  simplifying  assumptions  ore  too  crude  and  the  background  levels  are  highly  variable  and  generally 
swamp  the  contributions  from  local  sources.  Also,  the  source  inventory  was  rather  limited.  The  same 
problems  would  also  have  arisen  in  any  attempt  to  compare  calculated  and  observed  concentrations  of  the 
three  other  pollutants.  In  particular,  the  background  levels  are  again  as  significant,  or  sore  so,  than 
the  local  sources.  It  is  therefore  important  that,  for  an  exercise  of  this  type  to  be  completely 
successful,  a  detailed  emission  inventory  be  available  and  that  there  is  adequate  information  on  local 
background  levels.  The  lacier  point  raises  the  question  of  the  sensitivity  of  the  monitoring  techniques 
available.  In  particular,  the  smoke  concentrations  observed  at  the  central  site  were  low  and  Inconclusive , 
highlighting  the  defects  of  the  filter  paper  technique  for  measuring  smoke  concentrations  in  such 
circumstances.  Nevertheless  the  work  carried  out  here  for  comparing  the  emissions  froa  an  airport  aj.d 
nearby  urban  areas  and  for  comparing  the  contributions  these  emissions  make  to  pollution  concentrations, 
can  serve  as  a  guideline  for  similar  work  elsewhere  on  emissions  from  major  industrial  complexes  and  their 
overall  contribution  to  the  pollution  of  the  local  environment. 
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Discussion  on  Paper  9 

“Relative  Air  Pollution  Emissions  from  an  Airport  in  the  UK 
and  Neighbouring  Urban  Areas’* 
presented  by  J.Parker 


CJ-Scott:  I  wonder  whether  you  have  omitted  one  source  of  hydrocarbons  which,  could  be  important  -  Hatfield 
Forest.  Also,  have  you  examined  whether  there  is  any  photochemical  conversion  of  such  hydrocarbons  to  account 
for  the  aldehyde  gradienti-  across  the  airport  that  you  have  measured? 

J JParker:  No  attempts  were  made  to  relate  aldehyde  concentrations  to  sources  from  ••egetatior.  largely  because  tire 
primary  aim  of  the  trials  was  to  compare  emissions  and  ground  Irvel  concentrations  fr  .m  the  airpprt  with  those  from 
a  number  of  nearby  towns.  However,  from  an  examination  of  an  ordnance  survey  map  there  would  appear  to  be  no 
extensive  forests  within  six  miles  of  Stansted  Airport  and  under  these  conditions  i  think  it  would  be  unlikely  that 
aldehydes  from  such  a  source  would  compare  with  levels  from  an  airport  only  half  a  mile  away. 

No  determinations  of  possible  photochemical  reactions  were  made  during  the  work.  Your  suggestions  however 
will  be  beme  in  mind  during  future  work. 

K.E.Grdnsfcei:  Did  yon  observe  the  characteristics  stneli/odour  aroOnd  the  Stansted  Airport? 

J.Parker:  Typical  odours  from  paraffin  fuel  were  observed  close  to  the  terminal  area  as  would  be  expected.  However, 
at  the  measuring  site,  which  was  about  half  a  mile  from  the  centre  of  the  airport  no  odou-s  were  observed. 

D.K.J.Tomroei;  Did  you  investigate  u:e  contamination  by  lead  at  Stansted  Atiport? 

J.Parker:  No  estimations  of  lead  were  carried  out  during  this  work.  Tire  reasons  for  this  are  twofold:  first  some 
attempts  were  ntsde  to  measure  lead  concentrations  near  the  take  off  pth  at  Heathrow  without  success,  and  second, 
as  far  es  is  known  no  lead  additives  arc  used  with  aircraft  fuels. 


by  H.J.,  Cross  Af,n  fi.O.  fSclnieU,  PliD, 

(cEealcal  Defenn*  Ksiuhl  lei,,-  <s .  barton  Ttim,  HUtaUwr.  3.K.) 
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Thin  paper  presents  *  study  of  ths  problea  of  ground  pollution  produce*  by  Tuel  jettisoned  from 
aircraft  under  emergency  conditions,  VyptoaMy  at  450  fcg/oln  through  a  pip»  '  ore  in  diameter  while  flying 
at  120  o/a.  Part  T  i*  concerned  with  the  assessment  of  the  likely  else  diatr-l,  v  ton  of  dropa.  produced 
when  fuel  is  jettisoned  by  aircraft.  Trial*  are  reported  in  which  a  Buccaneer  s^'-raft  jettisoned  fuel 
at  low  altitude,  the  eite  distribution  being  measured  at  ground  level.  This  spi-ey  represents  a  lower 
bound  to  the  initial  sites  of  drops  produced  by  civil  aircraft.  An  alternative  distribution  is  presented 
which  ia  based  on  data  froa  other  aouroeo  and  whioh  represents  an  upper  bound  to  the  initial  altte  of 
such  dropa.  Part  II  ia  oonoernad  with  the  proportions  of  jettisoned  fuel  which  survive  evaporation  to 
reach  the  ground.  The  results  are  presented  aa  functions  of  the  initial  drop  oise  distribution,  the  fuel 
type,  the  height  of  jettisoning  r-. A  the  ground  teapereture.  Under  adverse  cosbinatieno  of  those  factors 
large  quantities  of  fuel  may  reach  the  ground,  e.g,  roughly  5?/  of  Avtur  fuel  jettisoned  at  300  o  will 
reach  the  ground  if  the  temperature  is  —10  G.  Consideration  is  also  given  to  the  heights  of  jettisoning 
required  to  ensure  minimal  ground  contamination.  Toe  contamination  density  on  the  ground  depends  on 
atmospheric  stability,  wind  speed  and  orientation  of  flight  to  wind  direction,  ea  veil  aa  on  the  amount  of 
fuel  reaching  the  ground.  Only  ondsr-of-oagnitude  calculations  have  been  -:iade,  but  for  fairly  typical 
conditions  with  crcss-wlnd  flight  at  300  m  alt.ituds,  Avtur  fuel  can  contaminate  a  strip  oT  land  about  4  ka 
vide  to  a  denoity  of  a  few  nilligraas  per  square  metre.  Under  the  worpl  conditions  of  upwind  flight  at 
low  wind  speed,  the  strip  of  contamination  can  be  only  about  200  a  wide  and  the  denuitv  roughly  100  times 
higher. 

rHTROPUCTIOK 

The  study  was  undertaken  in  tbs  context  of  suggestions  made  froa  tine  to  time  that  fuel  jettisoned 
by  aircraft  could  be  one  cause  of  contamination  or.  the  ground.  Scientific  evidence  was  required  to  obtain 
more  information  about  the  discharge  of  fuel  froa  aircraft.  To  put  the  results  of  the  study  in  perspective 
in  the  circumstances  applying  in  any  particular  country  is  a  matter  for  separate  consideration,  butit  is 
right  to  emphasise  that  civil  aircraft  do  not  jettison  fuel  except  in  an  emergency  so  that  jettisoning  is  a 
comparatively  rare  event .  Korrover,  long-range  transport  aircraft  are  the  only  ones  filled  with  jettison¬ 
ing  facilities  and  are  also  under  instruction  to  jettison  at  the  maximum  possible  height,  preferably  over 
the  sea.  It  should  also  be  emphasised  that  although  in  this  paper  a  comparison  haB  necessarily  been  made 
between  the  differing  effects  of  using  the  two  fuels,  Aviag  ar.d  Avtur,  it  i3  the  latter  (and  leas  volatile 
fuel!  which  is  aluoi-t  exclusively  used  by  aircraft  operating  in  and  out  of  the  UK. 

In  a  typical  long-haul  public  transport  aircraft  jettieonir.g  would  take  place  at  about  120  m/s 
through  pipes  of  about  6  ca  diameter  at  a  rate  of  about  450  kg/ain  per  pipe,  and  large  quantities  of  fuel 
could  be  involved.  Fuel  leaving  the  aircraft  is  shattered  by  the  airutieam,  forming  drops' of  a  range  of 
sizes  which  start  to  evaporate  ao  they  fall  under  gravity.  Small  drop3  fall  only  a  short  distance  before 
complete  evaporation,  whereas  large  drops  fall  a  long  distance.  In  erarr  to  predict  the  amount  of  fuel 
reaching  the  ground  from  an  aircraft  jettisoning  at  a  given  height  the  rize  d:  itribul i<ns  of  the  fuel  drops 
must  he  determined  at  the  point  of,  release  from  the  aircraft,  sne  the  ffc;l  speeds  and  rates  of  evaporation 
of  the  different  sizes  of  drop  must  be  evaluated. 

PART  I:  P.’ITIAL  CROP  Sim  DISTRIBUT-IOE  OF  JgfTIStSiSD  U5L 

The  size  distribution  of  fuel  drops  at  the  point  of  release  .  roa  the  aircraft  depends  on  c  number  of 
factors,  including  the  air  speed,  the  liquid  flow  rate,  the  physic*!  properties  of  the  ft.fil  and  the  geo¬ 
metry  of  the  ejection  system.  Although  information  is  available  fo>  soma  liquids  sprayed  from  aircraft 
through  pipes  similar  to  those  used  in  jeziiso.iing,  it  was  thought  j.-ecessar.--  to  determine  the  rise  distri¬ 
bution  obtained  when  aviation  fuel  itself  was  sprayed.  Typical  cent  itior.s  «f  sp  lying  were  ncdellod  on 
the  VC  (0  aircraft  and  are  given  in  the  Introduction.  Some  aircraft  have  multiple  jettisoning  pipes,  but, 
unless  these  are  close  together,  each  pipe. may  be  considered  separately. 

An  aircraft  was  chosen  for  -these  experiments  because  ground  trisis  in  a  wind  tunnel  were  considered 
to  be  hazardous.  The  only  suitable  aircraft  available  va3  a  Buccaneer  fitted  with  overload  wing  tanks  from 
which  it  was  possible  to  jettison  fuel.  Fortunately  the  jettisoning  rate  and  jettisoning  pipe  size  were 
almost  identical  to  the  figures  quoted  ebove.  Furthermore,  the  fuel  in  the  tanks  could  be  isolated  from 
the  main  fuel  supply,  thus  enabling  a  chemical  t razor  to  be  added  to  the  fuel  without  contaminating  the 
airoralVb  main  fuel  supply  (a  necessary  feature  on  safety  grounds).  To  minimise  sizing  errors  due  to 
evaporation  between  emission  and  sampling,  the  jettisoning  height  was  Bade  os  low  as  possible  and  a 
relatively  involatile  fuel,  Avtur,  was  used'.' 

FIFSRlyOTTAL  DETAILS 

Five  low-level  trials  were  carried  out  during  August  1972.  The  trial  concept  was  that  the  aircraft 
should  jettison  fuel  along  a  predetermined  line  acroso  tho  wind  direction,  the  spray  produced  being 
sampled  by  papers  laid  or,  the  ground  downwind.  Detection  and  measurement  of  the  fuel  drops  posed  a  pro¬ 
blem  due  to  the  chemically  inert  nature  of  xeroser.es.  Preliminary  investigations  to  find  a  means  of 
assessing  drops  of  unadulterated  fuel  having  failed,  it  was  decided  to  add  Q.x  of  Uvitex  SHf?  ic  the  Avtur 
fuel.  This  material  is  a  solid  fluor,  soluble  in  aviatl  spirit  to  about  0.8£,  and  has  been  used  ir.  caiiy 
similar  experiments  because  of  its  brilliant  fluorescence  under  ultra-violet  illumination,  T)ie  drops  pro¬ 
duced  by  the  jettisoning  process  were  sampled  0..  Khataan  Ho.  5O  filter  paper  sheets  positioned  on  the 
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ground  in  a  predetermined  pattern.  The  sampling  points  were  on  3  lines  parallel  to  the  expected  Hind 
•direction,  600  n  long  and  100  a  apart.  The  flight  path  vaa  across  wind  end  passed  over  the  sampling  linea 
at  a  distance  of  150  m  fron  the  upwind  endsr  Immediately  undor  the  flight  path  each  sampling  paper  was 
covered  with  a  rotating  mask  to  prevent  excessive  deposition,  but  elsewhere  this  precaution  was  not 
necessary.  After  es-h  trial,  assessment  of  the  eaople  papors  was  performed  using  photography  under  ultra¬ 
violet  illumination,  followed  by  counting  and  sizing  of  the  images  of  the  spots  using  an  automatic  particle 
size  analyser  (Quantinxt). 

RESULTS 

The  first  two  trials  were  not  typical  since  the  jettisoning  rate  achioved  was  much  too  low.  This  was 
a  result  of  failure  to  pressurize  the  fuel  tanks,  a  consequence  of  the  aircraft  being  operated  under  non¬ 
standard  conditions.  Prc-cedural  alterations  were  made  following  the  second  trial  which  ensured  that 
pressurization  was  obtained.  The  drop  size  distributions  determined  from  the  final  three  trials  are  shown 
in  Figure  1-.  The  median  diatoter  of  the  drops  was  240  ±  >0  pa  and  the  maximum  drop  size  was  100  ± 

15  pm.  (The  method  of  assessment  did  not  parmit  the  detection  of  drops  smaller  than  40  pm  diameter). 

l'he  trials  were  performed  at  an  altitude  of  less  than  15  m  (not  of  course  representative  of  cond¬ 
itions  under  which  fuel  would  normally  be  jettisoned)  to  minimize  drop  evaporation  which,  if  it  had 
occurred  to  any  significant  degree,  would  have  caused  ai  erroneous  estimate  of  the  size  distribution 
of  drops  at  the  point  of  release  from  the  aircraft.  To  investigate  the  extent  of  evaporation,  the  1'vitox 
concentration  in  the  drops  at  the  moment  of  sampling  was  estimated  and  compared  with  the  concentration  'c. 
the  fuel  prior  to  spraying.  The  groatei  the  drop  evaporation,  the  larger  would  os  the  Uvitex  conccctrat  on 
found  in  the  drops.  The  estimation  was  mode  by  cutting  a  number  of  email,  equal-sized  spots  from  t  e 
sampling  papers  and  analysing  them  for  Uvitex  content.  Since  the  size  of  the  drops  canning  these  spots 
was  known  by  prior  calibrat  jn,  the  Uvitex  concentration  in  then  at  the  time  of  sampling  was  calculable. 

Ir  Trials  4  and  5  there  Mr.  no  evidence  of  evaporation,  hut  in  Trial  3  it  appeared  that  drops  initially 
of  117  pm  diameter  had  evaporated  to  100  pm  before  being  naught  by  the  sampling  papers.  This  is  only  a 
small  change  in  size  and  the  relative  change  would  be  even  less  for  bigger  drops. 

mm  SIZE  DISTRIBUTION  FROM  FIELD  TRIALS 

The  reaulto  fro*  Trials  3-5  are  reasonably  consistent  (see  Figure  l),  but  there  are  two  points 
worthy  cf  consideration,  i.e.,  did  significant  evaporation  occur  before  sampling,  and  was  the  sample 
representative? 

Evaporation.  Evaporation  begins  ae  soon  as  the  fuel  is  jettisoned  and  the  effect  would  he  most  marked 
for  smell  drops.  Despite  the  fact  that  some  evidence  of  slight  evaporation  was  found  .n  Trial  3,  attempts 
to  confirm  it  in  .subsequent  trials  were  unsuccessful.  It  is  therefore  concluded  that,  by  performing  the 
triala  at  15  m,  it  has  boon  possible  to  prevent  any  significant  evaporation  occurring  between  the  tine  of 
jettisoning  and  the  time  of  sampling.  The  estimated  else  distribution  of  drops  at  the  point  of  release 
from  the  aircraft  is  not  in  error  from  evaporation  effects. 

Represent at ivo  ssnplina.  The  recovery  of  fuel  on  the  ground  os  established  by  chemical  analysis  of  Uvitex 
on  the  papers  wne  never  greater  than  55£.  Low  reryverieo  are  characteristic  of  aircraft  spray  trials  and 
have  been  attributed  to  such  factors  as  shielding  of  the  sampling  papers  by  tall  grass  and  variations  in 
drop  concentration.  From  the  point  of  view  of  the  size  distribution  it  is  only  necessary  to  consider 
whether  there  were  initially  present  largo  numbers  of  small  drops  which  evaporated  before  roaching  the 
ground.  This  would  ucan  that  the  measured  distribution  of  Figure  1  represented  the  drop  sizes  15  m  belcv 
the-  flight  path.  If  substantiated  in  future  work  then  contamination  levels  or.  the  ground  must  be  reduced 
in  proportion  to  the  actual  recovery  of  fuel  as  found  ir.  these  low  level  tr;p.ls. 

FACTORS  AFrSCTIKC  THE  nUTIAL  SIZE  DISTRIBUTION 

Type  of  aircraft  and  discharge  tube  geometry.  Investigations  (l)  have  shown  that  the  orientation  of  the 
discharge  tube  with  respect  to  airflow  has  a  marked  effect  on  drop  size.  The  efficiency  of  liquid  shatter 
ia  governed  by  the  way  in  which  -  discharge  tube  geometry  enables  the  air  stream  to  strip  drop r  from 
the  emerging  column  of  liquid.  A  .inple  cylindrical  tube  projecting  backwards  along  the  flight  pu.b  10  an 
inefficient  system  and  large  drops  should  result.  The  jettisoning  pipes  of  come  aircraft  (e.g. ,  the  Vi  10) 
are  ir.  fact  of  this  type.  On  the  other  hand,  a  pips  emerging  at  right  angles  to  the  air  flow  would  give 
rise  to  large  shearing  forces  and  email  drops  should  result.  The  Buccaneer  overload  tank  is  of  this  type. 
The  size  distributions  3,  4  ar.d  5  of  Figure  1  probably  represent  a  lower  bound  to  the  drop  sizes  produced 
during  jettisoning.  Trials  with  aircraft  fitted  with  a  simple  pipe  pointing  rearwards  should  give  size 
distribution!)  representing  an  upper  hound,  and,  indeed,  such  size  distributions  are  available  for  .«  variety 
of  liquids  (l  -  4)*  The  curve  labelled  "Composite  Size  Distribution"  in  Figure  1  gives  v.  epical  distribu¬ 
tion  for  a  light  oil  similar  to  kerosene  sprayed  at  120  m/s  and  about  44O  kg/min.  It  has  a  mass  median 
diameter  of  275  U»  with  a  maximum  size  of  6S0  which  is  significantly  larger  than  the  Bucvneer  spray.' 

Fuel  flow  rate.  Broadly  speaking,  the  higher  the  fuel  fiow  rate,  the  larger  arc  the  drops  pi  ‘ivsed.  There 
appear  to  be  no  significant  differences  between  tho  results  tor  the  last  3  trials,  but  when  the  results  of 
the  first  2  trials  are  also  considered  some  correlation  cty.  be  claimed  between  flow  rats  and  median  drop 
diameter.  The  correlation  is  not  good  hut  the  following  empirical  equation  may  be  used  for  a  Buccanoer 
flying  at  120  a/u: 

mass  medi»(v  diameter  (us)  ■  155  +  (0.1?  0.05)1, 

whore  f  is  the  fuel  flow  rare  in  kg/mir.. 

A ire  reft  velocity.  Th#  air  speed  is  ae  important  as  the  fuel  flow  rate  because  It  is  the  ratio  of  the  flow 
rates  of  air  and  liquid  which  is  tho  principal  factor  controlling  drop  size.  The  faster  tho  aircraft,  the 
smaller  is  the  drop  else,  all  other  factors  being  equal.  So  diroot  ovider.ee  of  this  relationship  can  be 
offered  fron  this  eerie*  o t  trials  since  all  ey* eying  was  at  120  m/s,  but  results  from  other  trials  (1-4) 
using  a  variety  of  aircraft  and  liquids  can  ho  employed  to  derive  an  esp.rical  equation  for  the  Buccaneer; 


kxss  nedian  diaaiter  (pa)  •»  440  -  1.5V, 


where  V  is  the  aircraft  velocity  ia  a^v  "The  error  is  x  20  ua. 

Type  o*  ligyld.  In  the  eircraft  sprays  normally  encountered  the  dominant  factor  ia  the  relative  flow  rate 
of  air  and  liquid,  other  factors  au-h  a3  surface  tsnaion,  viscosity  end  density  of  the  liquid  being  of 
secondary  lr.pturt,&uce.  Aviation  fueia  arc  sufficiently  similar  in  their  physical  parameters  for  the  oaae 
spray  site  distribution  to  apply  *o  all  fuels. 


PAR?  IH  EVAPORATION  AT3  iSEOSTTIOK 

To  utteraine  the  aaeunt  of  liquid  carried  tt  the  ground  by  drops  released  from  a  given  height,  the 
fall  sp«rd  and  the  rate  of  evaporation  of  the  drops  uuet  be  considered.  Both  are  dependent  on  drop  site, 
and  so  the  initial  drop  distribution  is  of  paramount  isportar.ee.  In  Pwrt  I  it  was  established  that 
no  singl t  distribution  was  applicable  to  fuel  jettisoned  by  aircraft.  Two  representative  distributions 
have  therefore  been  taken  which  cover  the  likely  extreaos: 

a)  Buccaneer  drop  sisa  distribution  (lower  licit).  This  is  described  in  Part  I  (Figure  1, 
curve  5?  and  is  thought  to  give a  lower  bound  for  jettisoning  systems  where  the  pipe  pro¬ 
jects  at  right  angles  to  the  air  flow,  producing  small  drops. 

b)  Composite  drop  alas  distribution  (upper  limit).  This  is  also  discussed  in  Part  I  (Figure  l) 
and  is  based  cii  other  work  (1  -  4).  It  is  thought  to  be  typical  of  systems  where  the  pipe 
projects  backwards  along  the  air  flow,  giving  large  drops. 

Both  apply  to  aircraft  flying  at  120  m/e  while  jettisoning  st  450  kg/mir.  through  n  pipe  6  cm  in  disaster, 
and  ere  thus  broadly  applicable  to  aircraft  jettisoning  fuel  in  an  emergency. 

These  size  distributions  represent  the  spray  approximately  15  met res  below  the  aircraft,  at  which 
level  drop  separations  are  so  large  as  to  give  little  probability  of  drop  collision.  Coalescence  during 
the  subsequent  fall  of  the  drops  is  therefore  negligible.  Any  coalescence  in  the  vicinity  cf  the  aircraft 
io  considered  to  be  an  integral  part  of  the  spray  production  process  and  ie  included  in  the  initial  else 
distribution. 

For  each  size  of  drop  in  these  distributions,  evaporation  rates  and  fall  speeds  Eust  be  evaluated. 
Tl.e  typo  of  fuel  affects  the  rate  of  evaporation,  and  two  fuels  are  considered: 

Artur  This  is  used  almost  exclusively,  on  safety  grounde,  by  airlines  operating  within  the  UK. 

It  has  a  cell  lively  low  evaporation  rate. 

Avtog  This  ie  u'ted  sy  sons  operators  outside  the  UK  ana  has  a  relatively  high  evaporation  rate. 


Other  factors  belrg  eyual,  drops  of  Avtur  reach  the  ground  sore  readily  than  Avtag. 

Temperature  also  has  a  major  effect  on  the  rate  of  evaporation.  The  lower  the  temperature,  the  leee 
volatile  ore  the  aviation  fuels,  and.  the  scalier  ie  the  rate  of  evaporatign  of  drops  from  jettisoned  fuel. 
This  applies  both  to  Avtur  and  Avtag.  Ground  temperatures  from  -30  to  15°C  are  considered  here. 

SVAPOkATTSS  Aim  ISPGSmca  OF  51)31-  SHOPS 

Extensive  calculations  have  been  made  by  Lovell  (5-6)  on  the  evaporation  of  drops  of  aircraft  fuel 
in  free  fall  through  the  atmosphere.  One  report  (6),  dealing  with  JP-4  (Avteg),  hao  considered  the  aaso 
or  liquid  rer.air.ing  after  a  drop  had  fallen  a  given  distance,  and  plots  were  given  of  the  results  for  a 
range  of  drop  sices,  temperatures  and  diet cnees  of  fall.  These  data  have  been  taken  as  the  starting  point 
■‘‘or  the  present  work.  Details  of  the  procedures  used  are  fully  reported  in  the  Appendix.  The  values 
required  for  final  drop  sir.es,  temperatures  and  distance*  cf  fall  were  obtained  five  Lowell* 3  data  by 
interpolation  and  were  applied  to  two  drop  oise  distributions.  One  was  tbs  lower  limit  of  the  distribution 
found  for  the  Buccaneer  aircraft  (Curve  5,  Figure  l),  representing  the  cas,  of  least  deposition  on  the 
ground,  and  the  other  wan  the  Ccspcsite  diotribnt ion  (also  in  Figure  1),  representing  the  ca3e  of  greatest 
depooitiar..  Hsoulte  for  Artag  jettisoned  from  300  a  are  illustrated  in  Figure  2  ( lower  scale).  Tib*  per¬ 
centage  of  fuel  reaching  the  ground  ranges  from  sore  at  15  C  to  47$  at  -30  v.  The  effect  of  the  initial 
drop  oir.a  distribution  Is  clearly  shown,  being  cost  sarxed  at  the  higher  teaporatures. 

Kith  regard  fc  Avtur  fuel,  Lowell  (8)  has  stated  that  the  evaporation  rate  of  this  liquid  is  identical 
iciih  that  of  Avtag  when  the  latter  is  colder  by  2G°C,  Result?  for  Avtur  have  been  compiled  using  this  in¬ 
formation  «.d  are  also  shown  in  Figure  2  (upper  ssele).  The  far  greater  ascent  of  Avtur  reaching  the  ground 
cinder  given  conditions  is  apparent,  dinrmet rating  the  significance  of  fuel  volatility. 

‘This  work  has  also  been  extended  to  consider  the  effect  of  jettisoning  from  heights  greater  than  3tX)  u. 
Again  the  method  of  calculation  ie  described  in  the  Appendix  and  only  the  results  arc  giver,  here.  The 
accu-.acy  ip  somewhat  reduced  ae  the  height  of  fall  is  increased.  Figure  3  shows  the  proportion  of  fuel 
reaching  the  ground  from  height 5  of  up  to  4,500  c  for  temperatures  ranging  froa  -JO  to  15°C.  The  lower 
temperature  scale  refers  to  Avtag,  while  the  upper  scale  refers  to  Avtur.  Only  the  Composite  sirs  distri- 
buticy.  ha?  beer,  considered  in  this  respect , 

A  simplified  table  of  tie  percentage  of  fuel  reaching  the  ground  froa  300  n  is  given  in  Table  1,  the 
i-snges  of  the  figwree  quoted  being  a  result  of  the  two  else  distrlbaticne  used.  Table  2  shows  the  minimum 
heights  for  jet-tlspning  which  will  allow  lees  than  0.l£  of  the  fuel  to  rsecn  the  ground. 
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Minimum  ground 
temperature 

|  Percentage  of  fuel  on  ground  J 

Avtur 

Avtag 

-10 

35  -  47* 

6-22* 

5 

13-28* 

e  -  5* 

15 

3-15* 

0-1* 

Minimum  ground 
tempejatur. 

Baight  in  metres  for: 

— 

Artur 

- - - 

Avtag 

-10 

>4,500 

o  1,800 

5 

c  2,400 

e  SCO 

15 

o  1,500 

o  450 

TABLE  1.  Jettisoning  from  300  metres  TABLE  2.  Minimum  jettisoning  heights  for 

0.1!?  fuel  or.  ground. 

Dsssrrc  op  cmxct  comspaTios 

The  problem  of  estimating  the  amount  of  fuel  per  unit  area  of  ground  ie  a  difficult  one  which  can 
only  be  solved  by  laposiiig  rigid  criteria  with  regard  to  meteorological  factors  such  as  wind  shear  and 
atmospheric  stability.  Even  so,  the  result  can  only  be  approximate,  end  the  duta  which  are  now  presented 
must  be  regarded  as  indicating  no  more  than  the  order  of  magnitude  expected. 

The  maximum  contamination  density  is  obtained  with  .the  t.rcraft  flying  directly  upwind  under  condi¬ 
tions  where  the  wind  ia  alight  and  does  not  veer  with  altitude.  Thle  eliminates  any  winnowing  effect  and 
leaves  only  diffusion  by  air  turbulence,  whiuh  can  be  analysed  by  Pasquill*e  theory  (9)  to  obtain  the 
density  of  ground  contamination.  The  density  is  highest  directly  under  the  flight  path  and  decreases  or. 
either  side  so  that  a  clearly  defined  strip  of  ground  contains  no*t  of  the  fuel.  Using  the  standard  con¬ 
ditions  of  jettisoning  employed  in  this  paper,  together  with  the  assumption  that  the  spray  plume  diameter 
is  negligible.  It  is  possible  to  obtain  density  estimates.  Far  Ajjtur  fuel  jettisoned  at  300  u  altitude 
in  an  atmosphere  of  neutral  stability  with  a  ground  temperature  5°C,  the  strip  of  contaminated  ground  is 
about  200  a  wide  and  the  average  density  of  contamination  is  about  0.1  g/a2.  This  corresponds  to  a  drop 
separation  on  the  ground  of  about  0.5  cm,  and  such  a  deposit  would  presumably  be  readily  detected. 

A  much  lower,  and  perhaps  more  typical,  density  of  contamination  is  obtained  when  the  aircraft  is 
flying  across  the  wind  so  that  winnowing  of  the  spray  drops  occurs.  The  Email* r  drops,  falling  more 
slowly,  get  carried  further  downwind  so  that  the  strip  of  contaminated  ground  is  wider  than  before  and 
the  density  of  contamination  is  less.  For  all  but  the  lowest  wind  speeds  this  winnowing  has  a  much 
greater  dispersive  of fee*  than  the  diffusion  just  described,  thus  simplifying  calculations.  Taking 
the  some  meteorological  and  jettisoning  conditions  as  before,  but  with  a  more  typical  wind  speed  of 
10  m/s,  the  strip  of  contaminated  ground  is  roughly  4000  m  wide  and  the  average  density  of  contamination 
is  about  6.004  g/a2.  (The  average  separation  for  the  large  drops  is  about  20  cm.  while  that  for  the 
small  drops  further  downwind  ie  about  2  cm.)  Croaawind  jettisoning  under  these  conditions  gives  con¬ 
tamination  densities  which  are  only  a  few  por  cent  of  the  maximum  value  estimated  for  upwind  jettisoning. 
For  both  types  of  jettisoning  the  contamination  density  decreases  with  increasing  altitude  of  release, 
wind  speed  and  temperature. 

CONCLUSION'S 

The  conditions  of  jettisoning  which  have  been  taken  in  this  study  are  as  follows: 

aircraft  speed:  120  m/a 

diameter  of  discharge  pipe:  6  cm 

jettisoning  rate  par  pipe:  450  kg/nin 

They  are  considered  to  bo  typical  of  aircraft  jettisoning  fuel  under  emergency  conditions.  Two  aviation 
fuels  are  considered:  Avtur  and  Avtag. 

Different  aircraft  may  give  different  initial  drop  siss  distributions  when  jettisoning  fusl  depend¬ 
ing  on  whether  the  ejection  pipo  points  rearwards  or  in  a  direction  normal  to  the  airtrlrea-s.  In  the  first 
case  larger  drope  arc  expected,  and  a  typical  initial  drop  sise  distribution  has  a  seen  median  diameter 
o:  270  un  with  a  maximum  diameter  of  660  yn.  In  the  second  case  scalier  drops  are  « peeled,  aj  -5  tha 
rciasurad  initial  aise  distribution  has  a  median  diameter  of  240  x  3°  wf*  with  a  maximum  diameter  of 
4oQ  i  15  (.a.  Increasing  the  aircraft  epeed  should  give  saddles  drops  and  increasing  the  jettisoning 
rate  Bh.ould  give  larger  drops.  The  type  of  fuel  jettisoned  should  not  significantly  affect  the  initial 
•Ires  also  distribution. 


?,-.*  amount  of  fuel  reaching  the  ground  is  governed  by  evaporation  during  the  fail  cf  the  drope. 

Largo  drops  fall  quickly  and  suffer  relatively  little  evaporation  eucnttx?  to  small  drope,  and  sc  the 
ground  contamination  from  aircraft  with  ejection  pipes  pointing  rcar^Tds  shot  Id  be  gvster  than  for  air- 
c.aft  ejecting  fuel  normal  to  the  airrtrsaa.  There  cen  be  a  25-fold  difference  in  oontsmination  levels 
from  this  cause.  Dice  evaporation  is  also  markedly  dependent  op.  fuel  type.  Avtur,  b->lng  less  volatile 
than  Avtag,  presents  the  greeter  riefc  of  ground  conies; nation:  between  2  and  200  tiwie  as  such  Avtur  as 
Avtag  will  reach  the  ground  from  300  m  under  stellar  jettisoning  conditions.  Tempera'-, un  to  another 
important  consideration.  It  affects  th*  rate  of  evaporation,  drop*  at  high  tjepirshn.rc  evaporating  such 
pore  quickly  than  at  low  tonperatura,  salting  tbs  rick  of  ground  oentaa .nation  sore  ft  lero  in  winter. 

The  density  of  ground  contamination  depends  on  wind  spe»d  end  atmospheric  stability  as  well  an  on 
the  parsowtere  already  dissuessd,  sr4  the  problem  in  co  cuaplex  trwv*.  only  erder-of-ssnjnltude  values  5-av~ 
been  derived.  The  greatest  contamination  density  occurn  wrdor  conf-ticrr.  of  slight  wind  when  the  airciaft 
flies  upwind  while  jettisoning,  Kith  ouch  jettisoning  at  100  a  in  a  2.5  m/e  wind  at  *°C,  a  strip  of 
•-round  about  200  a  wide  can  be  contaminated  to  a  density  or  about  0.1  ejr?  (drop  repnrat ;-,r.  about  0,5  cm}* 
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Thic  refers  to  jettisoning  from  a  single  pipe  under  the  standard  conditions  given  at  the  start  of  thin 
Section.  The  contamination  '«oo*sr  .tore  dicperasd  when  the  aircraft  flies  across  the  wind.  Taking  the 
ease  conditions  ao  before  except  that  the  wind  has  a  sore  typical  speed  of  10  b/c,  the  strip  of  conteaina- 
ted  ground  becoftes  roughiy  4000  a  wide  ar.d  the  contamination'  density  about  0.004  g /a^.  For  both  typos  of 
jettisoning  the  density  of  ground  contamination  decreases  with  increasing  wind  speed  and  altitude  of 
reioshOi 
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CALCUiATIOS  0?  GROUND  COtfTAKSSATHgT 

The  fats  vf  fuel  drops  jet- tlocred  at  altitude  lisa  been  examined  i.n  cose  detail  by  Dowell  (5  -  8). 

The  results  presented  is  this  paper  are  bawd  entirely  on  Lowell’s  calculations  together  with  a  knowledge 
of  the  initial  sits  distribution  of  the  drops.  The  form  of  presentation  of  data  by  Lovell  was  not  directly 
applicable  to  prevent  requirama.ite,  end  extensive  interpolation  was  necessary,  but  highly  significant 
errors  are  not  expected, 

Lowell  (o)  has  produced  on  psges  2b-27.,of  his  report  on  the  evaporation  of  JP-4  (Avtag),  curves 
relating  residual  nass  sgd  distance  of  fall  for  a  range  of  drop  siJ6c  (250  uts  to  2000  un)  over  a  range  of 
ground  temperatures  (-30  Q  to  -t-  30°C)  for  jettisoning  heights  of  7000  feet,  5000  feet  and  3000  feet.  In 
the  present  analysis  attention  was  confined  to  the  case  of  5000  foot  (Figure  4b  of  Reference  0}  since 
these  curves  were  the  pejt ^convenient  for  Interpolation.  Throughout  hie  calculations  Lowell  aesuaed  a 
standard  lapse  rate  of  2  C/10QO  feet.  In  order  to  produce  a  similar  set  of  curves  for  a  jettisoning 
height  of  3C0  tsetres  xt  was  necessary  to  adjust  the  ground  level  temperature  on  the  -abscissa  of  his  curves 
to  maintain  tha  correct  teiswsrsiura  at  the  point  of  release ,  Figure  4  shows  the  relationship  obtained 
between  residual  drop  »5<j  after  a  fall  of  300  metres  and  initial  drop  else,  using  Avtag  fuel  and  a  range 
of  ground  ienperaiuroB.  5y  presenting  tha  curves  in  this  fens  the  fate  of  different  eised  drops  can  be 
determined  wry  a  imply,  t,g. ,  if  a  drep  of  Avtag  of  36O  ya  diameter  is  jettisoned  at  300  metres  whan  the 
ground  tsfipsraturo  ia. -25VC,  then  it  will  he  seen  from  Figure  4  that  the  residual  drop  vase  at  ground 
level  la  0.5,  i.e.  only  $bf.  of  the  initial  mass  remains  as  liquid  by  the  tias  the  ground  is  reached. 

Turn  drop  site  distributions  were  investigated,  one  representing  the  lower  limit  of  the  distributions 
f&sr.d  vjth  a  Ssocwser  aircraft,  and  the  other  representing  a  Composite  sise  distribution  from  various 
■irperissents  (ee#  Figures  1  and  2),  Ir.  each  case  the  distrihutiofi  was  aivided  into  siia  ranges  such  that 
a  known  proportion  of  tha  total  mass  was  present  in  each  range.  A  representative  drop  siae  for  each  range 
was  calculated,  The  corresponding  residual  drop  gats  was  determined  from  Figure  4  which,  when  multiplied 
by  the  initial  pats  percentage  in  the  range,  gave  the  aae*  of  liquid  reaching  ths  ground,  expressed  as  a 
percentage  of  th*-  ittal  fuel  jettisoned.  Tha  procedure  was  repeated  for  mil  sise  ranges,  end  suamation 
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- 

- 

- 

3.00 

3.2? 

4.20 

2.02 

0.54 

15.0 

the  stated 

-10 

- 

- 

2.60 

6.94 

4.25 

4.95 

2.31 

0.61 

21.6 

ground 

-15 

• 

- 

5.50 

8.60 

4.95 

5.62 

2.53 

0.50 

27.0 

temperature)  an 

-20 

• 

0.40 

7.54 

9.90 

5.53 

5.10 

2.76 

0.72 

33.0 

a  percentage  of 

-25 

3.20 

9.50 

11.26 

6.23 

6.8 

2.97 

0.78 

40.8 

load  .lettisonod 

-10 

- 

5.0  . 

11-04  - 

12.56 

6.00 

7*21 . 

,  a-i,7 . . 

0.84  . 

15 

.. 

87 

291 

38- 

10 

— 

_ 

- 

- 

212 

353 

440 

Drop  size  (pm) 

5 

- 

- 

- 

- 

180 

286 

394 

480 

at  ground  level 

0 

- 

- 

- 

146 

240 

317 

425 

513 

after  falling 

-5 

- 

- 

- 

205 

264 

341 

.’60 

536 

100  m  (at  the 

-10 

- 

- 

130 

220 

209 

360 

458 

656 

stated  ground 

-16 

- 

- 

169 

244 

305 

375 

485 

676 

temperature) 

-20 

- 

53 

188 

255 

116 

380 

499 

687 

-25 

— 

105 

203 

268 

3?9 

400 

612 

40} 

-if}.. 

- 

.jaa_ 

278 

3:9 

.110 

— SI, 

417 

TABI.E  4:  Ground  contamination  datai  'Avtag'  jettisoned  from  300  n  at  450  kg/m in  at  120  m/o. 
(Data  based  on  the  Composite  site  distribution). 


gave  the  total  c&sa  percentage  reaching  the  ground.  Results  were  obtained  for  a  rango  of  ground  tempo ra- 
tures.  To  ooaplete  the  calculation  the  drop  size*  reaching  the  ground  were  also  determined  front 

Ground  ljvel  disaster  «  Initial  diaaeter  x  \ftesidual  nasa  ratio 

Lowell's  work  was  concerned  with  the  evaporation  of  Avtsg.  It  should  he  noted  that  Avtur  is  a  less 
volatile  fuel,  and  according  to  Lowell  (page  8  of  Reference  8)  "in  general  the  evaporative  behaviour  gf 
JP-1  (Avtur)  is  cooparable  at  a  given  temperature  with  that  of  JP-4  (Avtag)  at  a  temperature  about  20  C 
lower".  It  ie  on  the  basis  of  this  staieaent  that  csloulations  of  ground  contasinatien  by  Avtur  have  boen 
based.  Results  for  Avtag  with  both  distributions  are  given  in  Tables  3  and  4. 

For  calculations  involving  jettisoning  from  heights  other  than  300  net res  the  procedure  outlined 
above  was  repeated  using  the  drop  size  distribution  alter  falling  through  300  aetres  as  the  starting  point 
for  calculations  for  the  next  300  aetres,  etc.  ResultB  for  these  calculations,  based  on  the  Cotsposite 
drop  size  distribution,  are  shown  in  Figure  3  for  both  Avtag  and  Avtur. 


Discussion  on  Paper  12 

"Ground  Contamination  by  Fuel  Jettisoned  from  Aircraft” 
presented  by  N.L.Cross 

K.E.Huie:  Do  you  have  any  information  on  the  chemical  composition  of  the  fuel  that  reaches  ground  level.  In 
particular,  do  the  more  reactive  hydrocarbons  tend  to  evaporate  or  survive  to  near  ground  level,  potentially 
contributing  to  photochemical  smog? 

N.L.Ci o-"  We  have  not  considered  it.  The  data  probably  has  sufficient  information  ir.  it  to  derive  this. 

A.E.Fuhs:  What  is  the  largest  drop  that  can  fail  at  terminal  velocity  without  further  break  up? 

N.L.Cross:  Considerable  work  has  been  done  on  water  drops.  Laboratory  experiment:;  have  established  that  the 
largest  drop  which  can  fall  at  terminal  velocity  depends  on  the  degree  of  turbulence  in  the  air  and  on  the  band 
number.'  The  largest  drops  found  in  rain  are  about  6  mm  diameter,  and  the  corresponding  size  for  aviation  fuel 
would  be  about  4  mm.  ’low ever,  ti.e  high  degree  of  turbulence  &nu  lire  large  reia.ive  velocity  between  drop  and  . 
air  in  the  wake  of  an  aircraft  jettisoning  fuel  ensures  that  such  large  dtops  quickly  shatter.  The  largest  drops 
found  from  aircraft  sprays  arc  about  0.7  mm  diameter. 

N.A.Chigier:  For  calculating  rates  of  evaporation  you  have  a  different  evaporation  rare  constant  for  isolated  drop- 
!<•*-  compared  to  surrounded  droplets. 

N.L.Cross:  The  interaction  and  turbulence  behind  the  aircraft  closely  simulates  the  condition  for  isolated  droplets 
and  gives  close  correlation  with  actual  results. 

A.Goklburg:  How  frequently  do  commercial  and  military  aircraft  jettison  fuel  over  land?  The  usual  procedure,  if 
possible,  is  to  fly  out  over  water  which,  of  course,  is  possible  in  the  USA  on  the  coasts  and  in  the  UK. 

N.L.Cross:  Although  information  on  the  frequency  of  fuel  jettisoning  could  be  collected  without  undue  trouble, 
no  data  have  been  published,  as  far  as  l  am  aware.  It  would  certainly  te  of  interest  to  have  figures  which  would 
highlight  the  magnitude  of  the  problem;  perhaps  someone  here  at  this  conference  could  help?  It  is  usually  only 
done  in  emergency. 

J. Dunham:  You  showed  two  fuels  with  different  dispersion  rates.  Is  the  fuel  which  disperses  more  rapidly 
disadvantageous  for  other  reasons? 

N.L.Cross:  Yes.  it  is  a  more  hazardous  fuel  with  which  to  operate;  it  is  more  volatile. 
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POLLUTICR  LEVELS  AT  LONDON  (BEATS ROW)  AIRPORT  AND  HETHOSS  FOR  REDUCING  THEM 

DS.  D.K.  BRUTON,  Principal  Medical  Officer  (Ground) 

Hr  Corporations  Joinv  Medical  Service,  Speed  bird.  House, 

London  (Bee throw)  Airport,  Bounalow,  Middlesex,  U.E. 


Information  on  exhaust  fuse  pollution  levels  at  London  (Heathrow) 
Airport  is  available  fro*  a  study  carried  out  by  the  Warren  Spring 
Laboratory  (Department  of  Trade  &  Industry)  in  1970-71.  Additional 
studies  have  bean  cade  by  the  Air  Corporations  Joint  Medical 
Service  particularly  in  buildings.  While  pollution  levels  are 
below  those  of  cany  urban  areas  and  do  not  appear  to  repreeent 
either  a  short  or  long  tens  hoc and  to  health,  local  pollution 
problem  constitute  a  source  of  annoyance  to  ground  personnel 
employed  at  the  airport.  In  an  effort  to  alleviate  sene  of  the 
problem,  the  Air  Corporations  Joint  Medical  Service  promoted  a 
B.E.A.  Working  Group  to  study  the  factors  involved  and  propose 
possible  solutions.  Reduction  of  exhaust  fume  emission  by  vehicle 
selection,  engine  tuning  and  maintenance  and  other  techniques  are 
described  in  the  paper. 


In  oy  experience,  scientists  .addressing  eedical  meetings  frequently  start  by 
apologising  for  their  lade  of  medical  knowledge.  I  feel  eves  more  anxious  talking 
to  engineers  and  scientists  about  exhaust  fume  pollution  problems  since,  in  th?  long 
run,  alleviating  these  problem  will  depend  on  engineering  and  scientific  technology 
at  a  level  which  is  completely  beyond  me.  Nevertheless,  as  a  doctor,  responsible 
for  the  health  of  large  numbers  of  ground  staff  working  at  on  international  airport, 
it  has  been  ny  experience  that  one  cannot  influence  tho  working  environment  bene¬ 
ficially  without  being  prepared  to  nako  practical  suggestions  as  to  how  improvements 
night  be  achieved.  This,  in  tuna,  has  required  some  understanding  of  tho  disciplines 
and  problems  that  occur  in  scientific,  technological,  and  management  areas. 

It  was  this  sort  of  involvement  which  led  to  ny  participation  in  a  B.E.A. 

Working  Gwur  study  of  exhaust  fuae  pollution  problems  at  Heathrow  and  gives  me, 
perhaps,  some  light  to  say  a  few  words  to  you  today. 

Towards  the  end  of  1970  I  cade  an  assessment  of  the  medical  hazards  to  B.E.A. 
and  B.O.juC.  staff  wuich  might  occur  from  exposure  to  exhaust  rune  pollution  at 
Heathrow.  On  the  limited  information  available  at  that  time  I  cane  to  the  conclusion 
that  there  were  no  serious  long  or  short  tors  effects  on  the  health  of  staff  in 
rtbipect  of  the  three  principal  areas  relevant  to  the  toxicity  of  exhaust  gases  i.e. 
poisoning,  respiratory  irritation  cad  carcinogenesis.  An  exception  to  this  obser¬ 
vation  is  tho  possibility  of  acute  poisoning  occurring  if  vehicles  arc  permitted  to 
exhaust  into  confined  spaces.  Additionally,  short  term  effects  3uch  as  irritation 
to  tho  eyes,  nose  and  throat  are- commonplace  but  cannot  be  regarded  as  seriously 
hazardous.  Sevortholo3s,  tho  problem  of  discomfort  and  physical  irritation  arising 
from  fuse  pollution,  in  ay  opinion,  justified  further  evaluation  of  the  problem  and 
exploration  of  possible  remedial  action. 

In  the  months  beforo  tho  B.E.A.  Working  Group  was  3et  up  for  this  purpose 
the  Air  Corporations  Joint  Medical  Service  were  fortunate  in  being  able  tc  participate 
in  the  Warren  Spring  Laboratory  Surrey  of  Air  Pollution  at  Heathrow  (l)  which 
produced  a  great  deal  of  up-to-date  information  regarding  pollutant  levels  and  we 
were  able  to  supplement  tiiis  information  Kith  material  gained  from  our  own  studies. 

Some  representative  examples  of  pollution  levels  found  by  the  Warren  Spring  Laboratory 
and  the  Air  Corporations  Joint  Medical  -Service  are  given  in  Tables  1  and  2  respectively. 


CARBON  KOKGZIDB  AND  TOTAL  HYDROCARBON  LEVELS 
TERMINAL  AREAS,  EEATHROV  AIRPORT  -  APR1L-SEPTEKBER  1970 


LOCATION 

POLLUTANT 

AVEEACS 

ISVEI*  (PPM) 

PE/E  LEVEL 
(PEH) 

CARSON  MONOXIDE 

8.0 

24.0 

AISS1D3 

TOTAL  HYDROCARBONS 

1.6 

2.6 

CARBON  MONOXIDE 

21 .0 

50.0 

LAHDSIBE- 

total  hydrocarbons 

3.1 

4.4 

TABLE  1 
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CAEBOlf  KO'IOXUIE  LEVELS  -  TEHKIKAL  BAGGAGE  AREAS 

DATE 

AVERAGE 

LEVEL 

PEAK 

LEVEL 

LOCATION 

EatABKS 

11-13  Feb. 70 

4  pp* 

26  pp* 

Open  baggage  area 
Terminal  1 

Strong  westerly  wind 

18-19  Feb.70 

10  ppa 

40  ppa 

Open  beggags  area 
Terraimai  1 

19-22  Feb. 70 

15  PP" 

100  ppa 

Closed  baggage 
area  Terminal  1 

Peaks  in  excess  of 
100  ppa  due  to 
vehicle  exhaust 
immediately  adjacent 
to  CO  monitor 

7  Oct.  70 

18  pp* 

Open  Baggage  area 
Terminal  1 

Both  3ets  of  the 
above  figures  apply 
to  day  operations 
only  (6  aa-aidnight) 
Odd  night  traffic 
does  not  exceed 

3  ppn. 

7  Oct.  70 

8  pp* 

Open  Baggage  area 
Terminal  2 

7  Oct.  70 

— 

30  ppa 

j 

Open  Baggage  area 
Terminal  3 

TABLE  2 


While  figures  like  these  support  the  opinion  that  there  ia  no  serlcus  hazard 
to  health.  Table  2  for  example  indicates  that  there  Sa  i  -*ed  to  keep  a  careful  watch 
on  tha  use  of  internal  combustion  enginos  within  build 

The  Warren  Spring  Laboratory  report  was  particularly  valuable  in  indicating 
the  contribution  made  by  various  exhaust  fine  sources  to  pollution  levels  at  the 
airport.  In  the  remind  Area  where  pollution  is  heaviest  and,  as  shown  in  Table  1 , 
carbon  nonoxide  levels  reach  24  ppn,  approximately  fifty  percent  of  the  airoide  - 
pollution  is  duo  to  aircraft  engines  and  the  re saining  fifty- percent  to  ground  vehicles. 
The  ground  vehicles  involved  aro  mainly  those  required  for  aircraft  support  functions 
such  an  refuelling  bewsexs,  ground  power  units,  catering  vehicles,  baggage  tugs  etc. 

On  the  other  hand,  the  majority  of  lnndside  pollution  is  caused  by  passenger  vehicles 
bringing  the  travelling  and  visitsng  public  to  the  airport.  Another  factor  to 
renenbGr  is  thfit  many  of  the  problems  encountered  in  relation  to  staff  complaint  are 
of ton  vory  localised,  for  exusple,  the  lachrymatory  and  irritant  effects  produced  by 
prolonged  running  of  stationaiy  vehicles  in  a  cul-de-sac  area  on  a  warn,  still, 
summer  day. 

Cn  consideration  of  the  basic  information  it  appeared  that  the  solutions  to 
s cue  of  the  probless  night  be  within  our  control  and  the  Working  Croup  concentrated 
nost  of  it3  attention  on  vehicular  rather  than  aircraft  engine  cninoions. 

The  sijpleot  anti-pollution  can  oeuvre  is,  of  course,  not  to  run  an  engine  when 
it  is  not  needed.  Therefore  on  obvious  first  step,  particularly  in  reducing  local 
pollution,  is  to  onsure  that  switch  off  disciplines  aro  promoted  and  enforced. 

Secondly,  it  is  often  possible  to  use  someth*"  •  other  than  an  internal  coabastion 
engine.  Electrically  driven  trucks,  tugs  and  forklift  vehicles  can  replace  many  of 
the  internal  cosbustJ  >n  vehicles  which  currently  operate  at  airports  particularly 
those  which  operate  predominantly  within  buildings  end  B.E.A.  are  in  the  process  of 
replacing  liquid  petroleum  gas  forklift  trucks  in  their  Cargo  Unit  nt  Heathrow  with 
electrically  powered  vehicles. 

As  fsr  as  the  ground  support  vehicles  that  are  to  be  found  clustered  Around 
aircraft  arc  concerned,  it  is  possible  to  replace  some  cf  these  with  fixed  pose-  and 
fuel  supply  sources  with  the  possibility  of  alleviating  local  pollution  and  even  noise 
probless.  An  installation  «f  this  kind  is  currently  under  study  by  2.S.A.  at  Heathrow 
and  there  appear  to  be  both  oconoaic  and  environmental  benefits  but  I  ca  r.ot  in  a 
position,  at  present,  to  confirm  objectively  the  envircnaontal  advantages  and  X 
cannot  say  whether  such  installations  an  likely  tc  prove  a  practical  proposition 
either  at  Hea threw  or  elsewhere. 


Substitution  of  safe  malaria  1b  equipment  or  processes  in  place  of  hasardouv 
aft to rials  equipment  and  proconses  is  a  hasie  principle  of  occupational  health  practice. 
All  tne  anti-pollution  neasurea  described  above  follow  this  principle. 

Several  factors  however,  dictate  the  use  of  internal  coabu3tion  vehicles  for 
many  of  the  activities  concerned  in  airline  operations .  Linited  power  and  range  are 
two  problems  of  battery  operated  vehicles  and  battery  charging  creates  problems  of 
toxic,  explosive  or  corrosive  fuaes  which  must  be  properly  dispersed. 

Internal  combustion  vehicles  are  often,  therefore,  an  inevitable  choice,  but 
it  still  remains  possible  to  opt  for  di9sel,  petrol  or  gas  powered  engines.  Of  thi3 
trio  diesels  have  the  advantage  of  emitting  low  levels  of  carbon  monoxide  but  smoke 
and  odour  may  present  difficulties.  Choice  of  engine  on  the  basin  of  emission 
characteristics  is  subject  to  many  variables  but  these  characteristics  are  factors 
worth  considering. 

Engine  sire  should  also  be  carefully  considered  since  the  total  volume  of 
.exhaust  emitted  will  be  proportional  to  engine  sire. 

Faced  with  the  widespread  use  of  intesml  combustion  ermines  practical  ways  of 
reducing  the  emission  of  pollutants  were  consider-, d. 

Studies  by  the  A.C.J.M.S.  of  the  effect  of  catalytic  exhaust  purifiers  on  ' 
exhaust  emissions  produced  by  diesel  and  L.P.G.  engines  initially  gave  variable  results 
due  ie-  failure  on  our  part  to  control  varloua  parameters.  One  purifier  manufacturer 
advised  that  the  engine  must  be  tuned  to  give  low  carbon  monoxide  and  hydrocarbon 
emissions  before  fitting  the  purifier.  Then  this  ves  deno  we  found  that  it  was  possible 
to  obtain  lower  carbon  monoxide  and  hydrocarbon  emissions  by  tuning  alone  thrn  by  the 
use  of  tuning  and  catalyst.  Figures  for  one  of  the  tests  are  given  in  Table  3. 


1-f  LITHE  XEECURX  TOG  -  LPG  FUEL 

TIKE 

CO  Leveln/ppm 

WITHOUT  CATALYST 

WITH  CATALYST 

Start  up 

750 

2,250 

Sturt  +  30  seconds 

600 

t  750 

Start  +  40  seconds 

500 

700-600 

Start  +  60  seconds 

500 

1,100 

Start  +  60  aernnds 
with  2200  lb.  loading 

0 

0 

Other  tests  on  a  similar  vehicle  indicated  that  carbon  monoxide 
levels  of  5300  pps  ciuld  be  reduced  to  0  in  ell  driving  mode 
conditions  by  engine  tuning  end  without  the  use  of  exhaust  purifiers. 


TABLE  3  j 

There  ars  additional  problems  with  the  use  of  exhaust  purifiers  such  as  the  need  j 

for  regular  maintenance,  back  pressure  in  the  exhaust  manifold  causing  adverse  combustion  ! 

conditions,  durability  limitations  and  the  extra  cost.  j 

In  view  of  these  problems  ar  the  findings  that  it  was  possible  to  achieve  low  * 

pollutant  emissions  by  engine  tuning  alone,  we  decided  to  concentrate  on  maintenance  as  ; 

the  key  to  lowering  vehicle  exhaust  emissions  as  far  as  was  practically  possible.  In  s 

addition,  therefore,  to  promoting  regular  routine  maintenance  of  all  internal  combustion 
vehicles,  maintenance  guide  lines  have  been  produced,  which,  it  is  believed,  will  achieve 
a  significant  reduction  of  pollution,  fuel  economy  and  extension  of  engine  life.  These 
recommendations  are  as  follows: 

BiQIKE  KAIKTSKAHCE  AMD  TCTTKG 

In  general,  enginee  should  be  governed  to  give  90£  of  the  manu¬ 
facturers’  rated  performance.  It  follows  that  when  engines  are 
purchased,  an  engine  should  be  selected  with  a  maximum  rating  of 
approximately  10£  higher  than  the  maxi  gum  performance  required. 

Diesxl  Engines 

a.  Fuel  pumps  and  injectors  should  only  ho  overhauled  and 
installed  by  skilled  staff  with  the  necessary  training 
and  equipment. 


b.  The  maxima  fuel  delivery  of  each  cusp  should  be  maintained 
within  of  the  manufacturers'  recommendations. 

o.  In  establishing  tha  fuel  puap  setting  for  a  particular  pump 
and'  engine  duty,  exhaust  gas  analysis  should  he  taken  into 
account, 

d.  Where  injectors  are  individually  timed,  they  should  be  set  to 
within  half  degree  of  the  manufacturers '  recoanendatioas, 
and  syotenatic  checks  should- be  made  during  scheduled  maint¬ 
enance  that  this  tolerance  is  being  maintained. 

e.  Injectors  after  overhaul  should  be  tested  to  the  correct 
release  pressure  and  spray  pattern.  Tests  should  be  carried 
out  to  ensure  that  there  is  no  pressure  drop  or  fuel  leakage 
at  sustained  high  pressure. 

f .  Hhginos  should  not  be  allowed  to  idle  for  long  periods  and 
should  be  switched  off  when  not  required. 

g.  Vehiole  drivers  and  engine  operators  should  be  instructed 

to  report  excessive  emission  of  smoke  or  loss  of  performance. 

Liquid  Petroleum  Css  and  Petrol  Engines 

a.  Precise  fual/air  ratios  should  be  maintained  with  a  tendency 
to  loan  stoichiometric  mixture. 

b.  The  component  parts  of  LFG  fuel  systems  should  be  checked  at 
frequent  intervals  to  ensure  correct  lino  pressure  and  flow. 

c.  Vaporisers  of  L?G  fuel  systems  should  be  supplied  with  water 
from  the  engine  cylinder  block  coolant  system  taken  from  a 
point  on  the  engir  •  side  of  the  thermostat  to  ensure  that 
warmed  water  is  supplied  as  soon  as  possible  after  initial 
ecld  start.  This  will  ensure  that  liquid.gaa  is  veporised 
properly  before  reaching  the  engine. 

d.  Timing  should  tend  to  bo  retarded,  bit  not  in  excess  to  cause 
overheating,  lose  of  performance  or  misfiring.  Where  appro¬ 
priate,  the  distributor  advance  and  rotord  mechnnisci  should 
be  locked  and  the  ignition  set  to  an  optimum  fired  position. 

e. .  Hard  acceleration  should  be  avoided  as  this  not  only  wastes 

fuel  but  l*»ads  to  unburnt  fuel  in  the  exhaust. 

f.  Rapid  deceleration  and  "over-running"  of  the  engine  loads  to 
unburst  fuel  in  the  exhaust. 

g.  In  general,  the  principles  adopted  to  achieve  maximum  miles 
per  gallon  of  fual,  are  equally  appropriate  to  the  minimisation 
of  exhaust  fume  pollution. 

■finaiiy,  on  the  subject  of  controlling  vehicle  exhaust  emissions,  it  should  bv. 
mentioned  that  because  many  of  the  problems  encountered  are  due  to  the  annoying  effects 
of  fual  odours,  some  trials  ha7e  been  carried  out  using  deodorising  fuel  additives. 
Subjective  impressions  aro  that  at  leoat  one  of  thu  additives  tried  produced  a 
significant  reduction  in  odour  and  smoke  and  the  latter  point  was  confirmed  by  the 
use  of  «  "Har*  j4o,W  smoke  meter,  the  results  being  shown  in  Table  4.  Further  studies 
will  be  made  -on  tie  effects  of  masking  agents  in  reducing  discomfort  problems. 


SICES  LEVELS  -  BARTRIBGS  SKOKE  CHITS  (HSU'S)  USIKC  FUEL  ADDITIVES 

Vehicle 

(2 ,'j  litre  trectors) 

Without  Additive 

With  Additive 

A 

50  HSU's 

34  HSU’s 

B 

55  KSU'a 

30  HSU'o 

TABLE  4 
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ia  half  of  the  general  pollution  in  apron  arwja  la  caused  by  aircraft  engines, 
Mans  of  abating  their  effects  should  he  considered.  It  appears  neither  practical 
nor  neoeesaiy  to  attenpt  to  alter  aircraft  engine  enisaion  characteristics  to  reduce 
their  polluting  effevts  while  running  o  the  ground.  Measures  designed  to  reduce  the 
ground  rurmingtiee  of  aircraft  engine*  will,  howver,  be  beneficial  end  tow-in 
push-out  prooedurea, recently  introduced,  at  Heathrow,  hare  in  a one  areas,  reduood 
aircraft  running  oil  stands  although  their  primary  purpose  is  to  promote  quicker  tun 
round  for  other  reasons.  It  should  be  noted  that  the  use  of  the  fired  power 
installations  previously  mentioned  also  avoids  the  use  of  aircraft  mounted  gas 
turbine  anxilllary  power  units  and  further  emphasises  the  need  to  explore  the  use 
of  such  installations. 

Aircraft  orientation  nay  play  a  part  in  reducing  local  pollution  problens  as 
the  venting  of  exhaust  down  wind  away  free  cul-de-e&c  areas  or  staff  working  nrcund 
the  aircraft  is  clearly  going  to  be  beneficial.  However,  this  ia  rarely  a  practical 
propositi' '  and,  in  any,  case,  depends  cn  airport  designers  end  not  airline  operators 
although  mad  opinion  by  the  latter  could  bring  influential  pressure  to  bear. 

finally,  as  we  have  been  led  to  the  subjeot  of  airport  design,  I  would  like 
to  conclude  by  noting  that  staff  and  passengers  working  in,  or  transiting  through 
airport  buildings  require  that  these  buildings  axe.  suitably  supplied,  with  air  which 
is  reasonably  free  from  odour  and  definitely  free'  free  toxic  levels  of  exhaust 
constituents,  this  frequently  implies  mechanical  ventilation,  filtration  and 
continuously  operating  gas  monitoring  devices.  A  number  of  continuously  operating 
carbon  monoxide  infra-red  automatic  gas  analysers  are  installed  in  passenger  and 
airline  facilities  at  Heathrow.  In  some  areas  whore  internal  combustion  vehicles 
operate,  .  the  gac  analysers  control  the  ventilation  system  or  actuate  automatic  warning 
devices.  In  addition,  they  provide  valuable  information  which  enables  ua  to  assess 
the  safety  of  the  working  environment  which,  as  a  doctor,  is  of  centre*  ay  primary 
interest. 


Heferecoest  (*)  Air  Pollution  at  Heathrow  Airport, 

London:  April  -  September,  1970.  Parker  J. 
Varren  Spring  Lai  ?atory.  Department  of  Trad# 
and  Industry,  Stevenage,  Herts,  England. 


Discussion  on  Paper  13 

'  ’olluiion  Levels  at  London  (Heathrow)  Airport  and  Methods  for 
Reducing  Them” 
presented  by  D.M  .Bruton 


K.F.Sanyec  What  is  the  nature  of  foci  additives  used  to  reduce  odor  and  smoke? 

D.M.Bruton;  I’m  afraid  I  canno.  recall  the  active  constituents'. 

HJJudd:  Barium  sulphate. 

R.F.Sawyer:  Do  you  consider  the  use  of  barium  sulphate  r.  good  ide3  from  the  medical  standpoint? 

D.M.Bruton:  For  our  limited  trials  of  masking  agents  (  have  been  happy  to  accept  the  manufacturers’  assurance 
that  they  ate  safe.  However,  when  advising  management  on  the  possible  use  of  masking  agents  1  have  repeatedly 
stressed  that  before  their  introduc.'ion  we  must  be  certain  ti<3t  the  additives  the.,  .elves  do  not  introduce  a  new 
toxic  element.  J  have  also  warned  them  that  in  certain  situations  removing  odot.:  and  smoke  could,  at  the  same 
time,  remove  the  only  available  warning  of  hazard.  . 

OJJC.Tommel:  .'.re  the  carbon  monoxide  peak  values  real  values  or  have  they  been  intcs-ntcd  over  a  certair 
period  of  time? 

D-M. Bruton:  They  arc  the  peak  values  record'  ’  during  the  sampling  periods  - 

W.S.Blavowzki:  You  have  compared  you*-  tmbient  carbon  monoxide  finding  to  the  threshold  limit  value  of  50  ppm 
The  US  Environmental  Protection  Ageiu  would  use  the  ambient  air  quality  standard  of  9  ppm  CO  for  the  same 
comparison  ar4  this  would  have  signifies  t'y  change:  the  interpretation  of  results.  Could  you  justify  yoai  use  of 
50  ppm  and/or  comment  on  the  9  pp.n  Vi 
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D.M.Bruton:  The  threshold  limit  value  of  50  ppm  carbon  monoxide  is  that  recommended  by  ACG1H  wno  thereby 
regard  the  level  as  a  safe  exposure  for  an  eight  hour  Juft,  five  days  a  week,  etc.  We  are  concerned  with  evaluating 
the  risk  to  industrial  staff  with  this  type  of  workng  exposure  and  the  threshold  limit  value  is,  in  my  opinion,  the 
approp;  i*1ex.  I  do  not  know  on  what  cohsiierations  the  United  State  Environmental  Protection  Agency  base 
their  ambit.r  air  quality  standards  of  9;ppm  for  carbon  monoxide.  On  physiological  considerations  alone  P  ppm 
seeins  too  low  but  the  EPA  may  have  had  other  factors  in  mind: 

C. J.Scoff-  Have  you  dene,  or  are  you  planning,  any  studies  of  the  effects  upon  piloting  ability  of  prolonged 
~  exposure  to  the  average  carbon  monoxide  levels  which  you  measured  in  terminal  areas. 

D 31. Bruton:  Wc  have  already  measured  carbon  monoxide  levels  on  flight  decks  in  taxiing  aircraft  and  the  levels 
give  no  cause  for  concern.  The  study  carried  out  by  Mr  Judd  for  the  Air  Corporations  Joint  Medical  Service  has 
been  published  in  the  Journal  of  Aero  Space  Medicine. 

CJ.Scott:  1  think  you  have  misunderstood  my  question;  I  was  talking  about  the  exposure  of  pilots  in  the  hour  or 
two  before  take  off.  Do  they  spend  that  time  in  the  terminal  area  where  CO  levels  were  higher  than  in  cabins? 

D. M.Bniton:  This  is  not  my  area  of  responsibility  out  I  think  it  is  unlikeiy  that  carboxyhaemoglobin  levels  in 
operating  air  crew  will  be  significantly  affected  by  ihc  very  low  levels  of  carbon  monoxide  found  in  terminal 
buildings.  One  could,  of  course,  measure  the  carboxyhaemoglobin.  1  think  it  would  be  found  that  the  most 
significant  factor  is  cigarette  smoking. 


CJ.Scott:  But  do  you  forbid  pilots  to  smoke? 
D.M.Bruton:  No.  As  far  as  I  am  aware  no  airline  does. 
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POLLUTION  CONTROL  OF  AIRPORT  ENGINE  TEST  FACILITIES 


hy 

'•T  It.  L.  Bailey,  LT  P.  W.  Tower,  and  Professor  A.  E.  FiAs 
Department  of  Aeronautics 
Naval  Postgraduate  School 
Monterey,  California  93940 
United  States  of  America 


SUMMARY 


Engine  teat  facilities  am  required  to  meet  the  same  environmental  standards  as  any  other  industrial  facility.  To  meet  the 
standards  for  smoke,  noise,  gaseous  pollutants,  etc.,  control  equipment  must  be  installed.  Due  to  large  mass  flow  rates  the  control  equip¬ 
ment  is  expensive:  careful  attention  to  design  Is  necessary  to  control  costs. 

Pollution  control  forces  new  constraints  on  exhaust  stack  temperature,  flow  uniformity  and  pressure.  Conversely,  installa¬ 
tion  of  pollution  abatement  apparatus  may  cause  adverse  operating  conditions  such  as  distorted  flow  into  the  engine  and  wrong  augmen¬ 
tation  ratio.  The  internal  aerodynamics  of  engine  test  cells  must  be  masteted  to  a  level  not  possible  previously. 

Scale  models  (1:241  cl  test  cells  were  fabricated  in  modules  so  that  some  750  different  combinations  could  be  tested.  Dis¬ 
tortion  at  the  engine  face  was  measured  and  correlated  ir.  terms  of  component  factor*.  Augmentation  ratio  and  cell  depression  were 
measured.  An  analytical  model  correctly  predicted  the  measured  quantities  except  for  distance  from  engine  nozzk  to  augmenter  inlet. 
With  the  data  accumulated  it  should  be  possible  to  rr-  .‘,ch  pollution  control  requirements  to  test  cell  parameters. 

I.  INTRODUCTION 

Through  the  1960’s  satisfactory  engine  •  .  facilities  consisted  of  large  rainproof  buildings  located  and  constructed  in  such 
a  manner  that  the  nearest  neigh b-  rs  were  not  permanently  deafened.  Today,  the  evolution  of  aircraft  propulsion  systems  has  rendered 
some  of  these  installations  unusealie  long  before  their  physical  deterioration  would  have  done  Sj.  Turbojet  test  cells  constructed  during 
the  next  decade  will  be  required  to  meet  a  greatly  expanded  and  refined  definition  of  satisfactory  performance.  Factors  such  as  increased 
thrust,  use  of  high  bypass  turbofans,  proliferation  of  special-purpose  turbine  engines,  inflation  of  real  ertate  and  utility  costs  coupled  with 
reduced  availability,  and  the  recognition  of  the  need  for  environmental  protection  wilt  increase  the  cost  and  the  challenge  of  designing 
test  facilities  operable  through  the  1990’s. 

By  Executive  Order  No.  11282,  May  V ,  1966,  Federal  Government  installations  must  meet  local  laws  concerning  the  envi¬ 
ronment.  In  fact,  the  management  of  such  installations  is  encouraged  to  assume  leadership  m  pollution  control.  Engine  test  facilities 
must  be  designed  with  considerable  care.  Previously  the  penalties  for  design  errors  were  not  significant.  After  the  test  cell  was  built, 
adequate  fixes  could  be  incorporated.  However,  the  addition  of  new  ,-nvironmental  criteria  to  the  facibty  performance  specification 
makes  design  more  critical. 

Various  techniques  for  eontrol  of  pollutants  are  currently  being  screened  for  merit  and  feasibility  es  applied  to  engine  test 
facilities.  Unfortunately,  there  is  not  a  suitable  technology  base  trom  which  to  draw  the  design  information.  The  technology  base  is 
weak  for  both  pollution  control  and  accurate  internal  aerodynamics  of  the  test  cell. 

It  is  the  purpose  of  this  paper  to  identify  the  essential  characteristics  of  the  jet  eng.ne  tes!  facilities  to  be  constructed  during 
the  1970’s  and  to  provide  a  summary  of  the  techniques  available  to  meet  there  requirements.  In  the  following  sections  the  necessity  of 
providing  replacements  for  or  modifications  to  current  facilities  is  documented,  and  the  factors  which  will  ensure  future  production  capa 
bility  and  economic  feasibility  are  detailed. 

From  the  background  study  for  tins  piper  there  were  two  areas  identified  for  further  in-depth  study.  The  first  of  these  two 
topics  is  relationship  between  distortion  at  engine  compressor  face  as  determined  by  miet  design  including  pollution  control  features 
The  second  study  considers  the  influence  of  various  design  parameters  on  control  of  augmentation  ratio,  cell  depression,  and  exhaust 
back  pressure.  Subsequent  sections  discuss  these  two  studies. 

II.  ENGINES  TO  BE  TESTED1'23 
.A.  Present 

In  its  annual  inventory  issue.  Aviation  Week  and  Space  Teclwology  magazine  presents  a  comprehensive  su  cry  of  the 
types  and  sizes  of  aircraft  propulsion  systems  in  use  with  operational  aircraft.  The  largest  in  each  class  is  of  primary  mte  t  to  the  test 
celt  designer,  but  account  must  be  taken  of  the  wide  variation  within  classes.  Within  the  class  of  turbojet  engines,  thrust  nos  from 
30,000  pounds  (458  in  the  SR  71)  to  170  (WR24-7  in  drones),  and  the  corresponding  lengths  vary  from  22  to  2  feet. 

The  facility  designed  to  service  turboshaft  engines  would  have  to  handle  variations  in  shaft  horsepower  from  5000  SHP 
(J56-A-15)  to  300  SHP  (TSE  36)  as  well  as  length  and  weight  changes.  Similarly,  turbofan  engines  in  military  use  range  from  one-fcot 
to  nine-foot  diameters  (Harpoon  and  C5)  and  have  weights  of  100  to  7500  pounds.  Review  of  current  engine  useage  makes  it  obvious 
that  the  facility  mission  must  be  carefully  established  prior  to’ initiation  of  design. 

B.  Future 


In  the  past,  varied  aircraft  types  were  powered  by  similar  engines.  New  technology  developments  have  changed  matters 
dramatically,  as  evidenced  by  the  present  differences  between  characteristics  of  high  bypass  turbofans  and  afterburning  turbojets. 
Future  changes  and  developments  will  require  more  precise  matching  of  engines  and  airframes  for  specific  missions’"2 


The  Navy  of  the  future  will  mote  strongly  towards  utilization  of  gas  turbine  powered  surface  vessels.  These  may  be  surface 
effect  vehicles  (3EV)  or  standard  design  vessels,  but  their  propulsion  systems  will  need  overnaul  and  repair  facilities  similar  to  those  of  3 
Naval  Air  Rework  Facility  (NARF). 

Because  of  the  vast  differences  of  engine  types,  it  may  not  prove  feasible  to  build  a  single  test  cell  capable  of  testing  all 
engines.  Present  Navy  policy  is  to  assign  the  overhaul  and  rejair  responsibility  of  a  particular  type  engine  to  each  NAR  F.  The  purpose 
of  this  section  is  to  correlate  engine  characteristics  and  projected  aircraft  performance. 
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The  first  advanced  technology  engines  for  Navy  fighter  aircraft  will  be  used  in  the  F-14  Tomcat.  Early  versions  w  ill  utilize 
the  Pratt  ard  Whitney  TF-30  412  engine,  and  F-I4B  models  will  be  equipped  with  the  more  powerful  F401  »'W  400  engines.  The  latter 
engine  is  in  the  20-30,000  pound  thrust  class  and  will  have  an  air  flow  rate  at  full  power  of  about  300  pounds  per  second.  If  an  augmen¬ 
tation  ratio  of  2.1  is  chosen,  a  test  cell  flow  rate  on  the  order  of  900  pounds  per  second  will  result.  Other  e.iginc  manufacturers  are  also 
developing  afterburner  equipjted  engines  in  the  25,000  pound  thrust  category? 

Further  fighter  aircraft  developments  will  bring  to  the  Navy  the  ADL!,  or  Advanced  Deck  Launched  Interceptor.  The  ADL! 
will  utilize  an  advanced  technology  engine  with  turome  inlet  temperature?  in  excess  of  3,000°F.  Also,  advanced  hybrid  multicycle 
engines  ate  being  developed  and  will  be  introduced  to  operational  use  during  the  life  of  test  cells  built  in  >he  present  decade?  Turbo- 
ramjets  or  s"r>tr charged  ejector  mm  jets  (SERJ)  are  also  being  developed.  Advanced  engines  may  not  use  familiar  JP-4  or  JP-5  as  fuel. 
Fuels  may  include  cryogenic  methane,  liquid  hydrogen,  or  other  exotic  fuels.  Test  facility  plans  should  consider  this  fact. 

Future  attack  aircrafi.  must  combine  the  cajxd  '.Hty  of  high  subsonic  cruise  speeds  with  the  ability  to  loiter  for  long  periods 
over  target  areas.  Non-alterbuming  turbofan  engines  are  presently  in  use,  ar. .  their  continued  development  and  refinement  is  predicted. 
The  U.  S.  Marine  Corps  presently  has  the  ilanier  (AV-SA)  in  oporatvmal  use.  The  Navy  may  move  toward  procurement  oi  Hamer-type 
aircraft  in  the  near  future  and  advanced  vectored  thrust  V/STOL  aircraft  within  the  next  ten  or  fifteen  years.  The  Hamer  utilizes  the 
Pegasus  turbofan  engine  with  ve-iabie  nozzles  whicli  is  built  by  Rolls  Royre.  The  advanced  Pep.sut,  15  will  have  25,000  pounds  thrust 
and  an  airflow  requirement  of  450  pounds  per  second.  A  requirement  for  testing  these  engines  is  that  shrouds  and  ducts  be  installed  for 
directing  the  exhaust  streams  of  the  individual  nozzles  into  a  common  exhauster.  Total  cell  requirements  for  this  engine  will  also  be 
900  pounds  per  second  with  a  1 :1  augmentation  ratio. 

The  Navy  is  ounentiy  developing  the  S-3  carrier  based  ASW  aircraft,  which  is  powered  Dy  the  General  Electric  TF-34  turbo- 
fan  engine.  This  is  a  9,000  pound  thrust  engine  with  an  airflow  capacity  of  about  300  pounds  per  second  and  wtil  be  the  first  engine 
that  the  Navy  operate;  that  will  be  tested  in  the  sanv>  configuration  as  it  is  mounted  on  the  aircraft.  That  is,  it  will  be  pyuw  mounted, 
thereby  requiring  an  overhead  thrust  bed.  Because  of  the  large  mass  flow  U trough  the  turbofan  engine,  any  pressure  variations  m  the  .  ell 
acting  across  the  fan  exhaust  will  cause  errors  in  thrust  measurement.  The  TF-34  has  a  bypass  ratio  greater  than  6.1.  Because  of  the 
<*xhaust  characteristics  of  turbofan  engines,  care  must  be  taken  in  matching  the  engine  and  augmenter  to  avoid  excess  air  entr-unment 
over  that  which  is  required  for  cooling  purposes,  thereby  increasing  the  ceil  depression? 

Future  patrol  aircraft  developed  to  be  introduced  ta  the  1980's  may  utilize  large  fan  engines.  Other  aircraft  using  the  same 
type  engines  may  be  those  deveiopeu  to  replace  the  Navy ’s  present  transport  fleet.  Military  transports  with  STOL  capability  wiU  require 
turbofans  in  the  25-30,000  pound  thrust  category?  The  au/iow  thro j.8h  an  engine  of  this  size  will  be  on  the  order  of  1,000*  pounds  per 
second,  and  total  cell  airflow  could  run  as  high  as  2,000  pounds  per  second,  depending  on  the  augmenter  design. 

Smalle*  logistic  aircraft,  successors  to  the  C-2  COD  aircraft,  may  use  turbofans  in  the  5-10,000  pound  thrust  class.  Those 
wii!  be  similar  to  the  above-mentioned  TF-34  in  flow  requirements,  and  test  facility  requirements  will  be  similar  as  well. 

Future  weapons  system  acquisition  will  have  a  o-zrii.g  or,  aircraft  design  and  therefor;  o..  engine  design.  For  some,  missions, 
the  effectiveness  of  a  weapon  may  be  proportional  to  the  payload  which  can  be  carried  in  the  transporting  aircraft,  anu  such,  systems 
may  requite  a  platform  as  large  as  the  Lockheed  C  5A?  If  the  Navy  were  to  acquire  such  a  system,  it  would  find  itself  m  possession  of 
turbofan  engines  in  the  50,000  ;x>und  thrust  category,  having  airflow  requirements  of  1,500  pounds  per  second  and  requiring  a  test 
facility  capable  of  handling  3,000  pounds  per  second  airflows. 

Figure  1  shows  the  growth  of  military  jet  aircraft  engines  since  WW II.  The  projection  through  1980  is  also  given.  Figure 
2  gives  the  mass  flow  rate  and  sea  level  •''rust  for  the  next  two  decades.  Curve..  labeled  a  are  for  facilities  that  can  test  the  largo-t  engines. 
Curves  labeled  B  are  far  facilities  limited  to  fighter  and  attack  aircraft. 

Consideration  also  must  h  given  to  the  testing  of  turboshaft  engines  used  in  huge  rotary-wing  aircraft.  Facilities  must  be 
available  for  the  measurement  and  absorption  of  the  shaft  energy  generated  by  such  engines.  Similarly,  turbine  engines  used  for  surface 
ship  propulsion  systems  will  require  complex  gearing  and  energy  absorbing  systems?’’  ® 

Other  trends  in  engine/airframe  mating  techniques  will  require  some  modificatH,  of  test  cell  design  and  operation.  The 
F  14  aircraft  will  utilize  non  uitcrcha.igcabl  ~  ieft-lisnd  a.id  rigwt-hand  engines.  T.iis  may  mean  thet  reversible  mountuigs,  slave  accessories, 
etc.,  will  be  required  in  cells. 

In  order  to  min  mize  drag  associated  with  no  zee  and  airframe  interaction,  nou-axlsymmetric  nozzies  may  be  employed  m 
the  future.  This  possibility  implies  a  requirement  for  an  augmenter  tube  designed  to  permit  replacement  of  the  receptor  bcllmouth. 


Knowledge  of  systems  on 
the  horizon  which  may  eventually  become 
operational  is  essential  to  provide  flexi¬ 
bility  and  long  life  for  projected  test 
facilities.  Prior  to  test  cell  design  infla¬ 
tion,  the  update  of  each  'object  must  be 
rccomplished. 


The  curves  of  Fig.  2  are 
particularly  important  for  pollution  con¬ 
trol.  Suppose  it  costs  S0.10  to  process 
(e.g„  reduce  particulate  matter,  NO, 
concentration,  etc.)  1000  pounds  of air 
j  passing  through  the  test  facility.  Further, 
suppose  ihat  the  test  facility  operation  is 
equivalent  to  10%  of  the  time  at  full 
power.  If  the  mass  flow  is  2000  Ib/sec  st 
full  power,  the  pollution  control  costs 
would  be  $1730  per  day. 


Figure  2  Is  the  must  accurate 
summary  of  test  cell  requirements  avail¬ 
able  from  current  sources.  As  with  any 
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forecast,  it  includes  some  uncertainly;  but  the 
information  included  is  as  authoritative  as  possible, 
having  been  collected  from  engine  manufacturers, 
IVepurtmen*  of  uerenss  planning  agencies,  published 
reports  of  service  sponsored  research,  and  interviews 
with  facilities  planners  for  several  test  cell  operators. 
Tnese  data  make  it  clear  that  the  decision  as  to 
fatility  capacity  will  restrict  usage  plans  for  extended 
periods  and  that  the  operator  will  require  guidance 
by  policy  level  managers  to  determine  filial  construc¬ 
tion  requirements. 


TOTAL  A1P  ?LOW 


I98S 

Yt« 

THRUST  AT  SEA  LEVEL 


(X)-  S*#f«s  Facilitt* 

(jly-  Feet <1^1  L*«'l«*  -e  F^ster/Allart  A/C 


Gerend1*  provides  a  rimpU  method  of 
predicting  turbine  engine  weights  and  dimensions. 
This  method  has  been  used  check  the  credibility 
of  this  summary  information.  These  projections 
are  specifically  confined  to  facilities  for  sea-level 
testing  only.  Forecasts  of  vequireme nts  for  altitude 
test  facilities  arc  available  in  Refs.  12  and  13. 


Figure  2  Future  Test  Cell  Requirements. 


III.  PRESENT  TEST  CELL  DESIGNS 


.Many  currently  operational  jet  engine 

test  cells,  both  m  the  militai  *  and  cmlun  communities,  were  designed  and  built  to  test  the  eariy  generations  of  turbojet  engines.  These 
may  be  defined  as  the  state  of  the  art  engine*,  of  the  1950’s.  In  other  instances,  some  even  older  test  cells  are  in  existence.  The  Naval 
Air  Rework  Facility  at  NAS  North  Island,  California,  has  several  operational  tils  which  were  initially  built  to  test  reciprocrtreg  aircralt 
engines.  These  are  still  in  use  testing  J-67  and  J-79  engines,  but  their  iie/f^rms.  >  i»  margmal  now  and  will  be  aerodynamically  and 
environmentally  unsatisfactory  fot  the  engines  which  wili  reach  operational  status  i.  the  next  twenty  years?-* 


A.  Test  Facility  Inlets 


Many  of  the  oldest  test  cel's  were  engineered  so  js  to  take  maximum  suvanlagc  of  existing  construction  and  to  minimize 
costs.  The  next  generation  of  test  cells  built  in  the  late  1950b  was  derignee  wifi,  soir.6  added  sophistication.  It  was  realized  that  the 
test  section  itself  should  be  long  enough  to  provide  for  some  flow  straighten.:.;  forward  of  the  engine  bcllmouth. 


The  cell  aerodynamics  were  obviously  cleaner  than  those  previously  built,  and  in  operational  use  with  present  afterburner 
equipped  engines  these  calls  have  been  satisfactory.  In  all  such  installations  certain  compromises  arc  made  between  the  desired  operational 
characteristics  and  economic  constraints. 


Modem  turbine  engines,  particularly  turbofan  engines,  have  proven  highly  sensitive  to  aerodynamic  distortion  in  poorly 
designed  test  celis.  General  Electric-5  considers  total  pressure  distortion  greater  than  two  incites  of  water  above  or  Mov.-  the  mean 
measured  at  the  fan  or  compressor  fa- ;  unacceptable  and  endeavors  to  reduce  this  difference  to  less  than  one  inch  llgO. 


Modem  test  facilities  built  m  late  1980  » to  test  these  large  fan  engines,  as  well  as  any  future  engines,  have  bepn  designed  to 
reduce  inlet  distortion  as  much  as  possible.  United  Air  Lines  overhaul  facility  in  San  Francisco  exhibits  one  of  the  simplest  inlet  designs. 
Air  enters  through  the  horizontal  inlet,  passes  the  acoustic  treatment,  and  enters  the  test  section  without  er  countering  any  turns  This 
design  is  obviously  easier  to  construct  than  one  having  r. ».  ~c  vertical  mlct. 


A  second  example  of  modem  design  philosophy  is  exhibited  in  the  test  cell  operated  by  Pacific  Airmotive  Corporation  in 
Burbank,  California.  The  vertical  inlet  u  flush  with  the  root  structure,  turning  vanes  are  installed  to  minimize  the  losses  caused  by  the 
90®  turn.  Turning  vanes  or  flow  straighteners  will  become  increasingly  necessary  as  test  cell  airflow  design  limits  are  approached.  Some 
modem  cells  are  designed  to  that  turning  vanes  may  he  added  m  the  future.  The  installation  operated  by  AiRcscarch  Manufacturing 
r<*.  in  Torrance,  California,  has  a  vertical  inlet.  Tlve  only  .present  requirement  for  flow  treatment  is  a  comer  fairing  to  reduce  separatio 
at  the  m'et  bend,  but  designs  have  been  drawn  for  the  addition  of  turning  vanes  when  futu  c  requirements  so  dictate. 


A  prune  consideration  ir.  the  use  of  flow  treatment  r*  the  method  of  installing  the  engine  fa  the  test  cell.  The  simplest  and 
cheapest  method  of  construction  is  to  bulk!  a  front-ioading  cell.  However,  if  flow  treatments  are  installed  this  design  requires  that  they 
be  movable  or  that  a  portion  of  tlic  treatment  be  I'ingcd. 


B.  Exhausts  for  Test  Facilities 


The  basic  philorophy  of  present  exhmist  treatments  is  to  remove  the  moje-rity  of  the  kinetic  cneigy  from  the  jet  exhaust,  to 
coo!  the  exhaust  by  mixing  with  secondary  air  or  water,  and  to  low/..-  the  noise  level  of  the  >y,hsust.  Removing  the  kinetic  energy  is  also 
a  method  of  acoustic  treatment.  The  most  common  method  of  accomplishing  Ilk.  first  two  objectives  is  to  utilize  the  kinetic  energy  of 
.be  exhaust  ta  pump  secondary  air  i’.irough  the  cep  and  into  the  exhauster  or  cugmenter  tube  where  mixing  of  the  two  streams  occurs 
Auhmentatioii  ratio,  defined  as  the  ratio  of  xecondaxy  ah  mass  flow  to  engine  air  mats  flow,  is  an  i,  iportai.t  consideration  in  determining 
overall  cell  design.  With  an  excessive  augmenration  ratio,  ‘ho  depression  hmits  of  the  cell  may  b *  exceeded;  with  too  small  a  ratio,  dcsur.’d 
coo tme  may  not  be  accomplished,  and  temperature  limits  cf  test  cel!  exnaust  components,  such  as  installed  acoustic  treatment,  may  be 


much  work  remains  to  be  done  in  analyzing  the  ejector  system. 


Water  cooling  is  usually  required  for  an  engine  c-panlmg  in  afterburner;  the  augments ti  ratio  required  to  cool  th?  exhaust 

without  water  visually  is  greitcr  than  0:1.  The  minimum  amount  of  water  usage  iv  desirable  in  order  «L  >  ter  supplies  be  preserved 
Many  cells  utilize  spray  nngs  mounted  jtwidc  the  augments^.  Three  opera’c  w-  inefficiently  because  cf  she  •’iffirulty  of  penetrating 
the  hot.  High  speed  core  of  the  e  ihtust.1®  Several  attempt*  have  been  made  to  inject  ifcj  water  from  with.n  tne  core  itself.  The  water 
sparger*®  is  an  example.  Cere  must  oe  taken  m  the  dcrigr.  of  «>:ch  items  since  they  can  produce  undesirable  acoustic  phenomena  if  their 
natural  frequencies  correspond  to  the  dnrii.g  frequencies  of  the  cilia  cut.  Further  development  of  water  injection  is  a  necessity  for 
economical  future  operation. 
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One  method  available  for  removing  the 
kinetic  energy  of  the  jet  exhaust  is  the  “brute  force” 
method.  At  NARF  North  Island  in  celts  1 3  and  14, 
the  exhaust  impinges  on  a  solid  concrete  block  tinco 
with  steel  plate.  This  is  effective  in  destroying  the 
continuity  of  the  stream  but  has  failed  to  prevent 
serious  damage  to  the  walls  of  the  plenum  chamber?4 
In  the  newer  cells  it  North  island  the  exhaust  impinges 
on  a  perfora'cd  staei  plate. 

A  newer  method  of  treating  the  flow,  one 
coming  into  wore  general  use,  ^ ''•“0.21  jnvoives  a 
colander  in  the  form  of  a  cylinder  or  a  cone.  The 
colander  is  the  last  section  of  the  ejector  tube  and  is 
perforated  with  holes,  usually  cn  the  order  of  1-1/4 
in.  in  diameter.  This  serves  to  break  up  the  flow  and 
changes  the  low  frequency  noise  of  the  exhaust  into 
more  easily  attenuated  higher  frequencies.  Research 
remaining  to  be  accomplished  in  this  area  involves  the 
study  of  placement  ar.d  sizing  of  the  holes  so  that 
uniform  flow  in  the  exhaust  stack  is  attained. 

Other  methods  of  exhaust  treatment  will 
become  necessary  in  the  future.  Environmental  pro¬ 
tection  standards  will  require  pollution  abatement 
systems  for  engine  test  facilities.  These  systems  will 
require  cfe*e  matching  between  the  engine  nozzle  and 
the  exhauster  hecausc-  any  excess  mass  flow  will 
tinnecessarily-Joarf  the  abatement  equipment.  Also,  in 
some  cases,  the  flow  needs  to  be  proper^  conditioned 
before  it  reaches  the  abatement  system?** 

C.  General 

Because  cf  the-  relatively  small  flow  rates, 
older  turbojet  engines  could  be  tested  in  close  proximity 
to  cell  boundaries.  The  larger  engines  now  coming  intc 
use  mvt  be  tested  with  adequate  clearance  from  floors, 
walls,  and  ceilings  to  reduce  velocity  distortions.  This 
clearance  can  only  adequately  be  provided  by  overhead 
thrust  bed  systems.  Because  thrust  measuring  devices 
aboye  tnc  engine  are  subject  to  convective  and  conduc- 


they  either  must  be  monitored  for  temperature  changes  or  kepi  at  a  constant  temperature.  United  Air  lanes  facility 
has  both  such  systems  installed* '  Current  thrust  measurement  accuracy  ■  is  typically  t £6  lbs.  for  an  engine  thrust  of 


Overhead  mounting  .ys'.ems  Have  introduced  a  new  problem  to  t.*>st  Operations  in  that  the  height  of  the  engine  when  mounted 
in  tile  coll  makes  eccessihility  difficult.  'Orated  Air  Lines57  has  installed  a  hydraulically  lifted  platform  beneath  the  mounting  system. 
During  actual  testing  the  platform  is  lower-.-.;  to  r  position  flush  with  the  floor,  providing  smooth  passage  for  tne  secondary  ?sr  past  the 
engine  Another  solution  to  this  proolcn  was  developed  for  the  previously  mentioned  AiResearch  facility?”  Th~  work  platforms  are 
suspended  fiom  the  overhead  Jt  a  convenient  height  and  are  swung  up  and  locked  next  to  the  ceiling  during  engine  operation. 

in  many  older  cells  considerable  time  is  used  in  preparing  and  mounting  the  engine  for  test,  if  this  time  =  kept  to  a  mini¬ 
mum.  total  cell  running  time  can  be  maximized.  Modem  design  philosophy  reduces  the  man-m-edi  time  by  allowing  much  of  the  pre¬ 
paratory  work  to  be  done  in  the  handling  area  rather  tnan  i r  !he  cell  iueif.  In  tic*  handling  area  the  engine  is  fitted  to  i  specially  designed 
adapter.  Necessary  engine  connections  for  starting  Jr.  iiit  i,  instrumentation  leads,  ai-d  external  power  ere  made  to  Ui.>  -Hjapter.  The 
or.lii-x  wscmbly  then  is  moved  to  thz  cell  arc a  and  is  hc-isted  to  the  thiuil  bed  by  a  winch  assembly  in  the  thrust  bed  itselt.*"*1 

Means  of  handling  and  transporting  the  engine  are  also  varied  Many  facilities  use  wheeled  (loll.es  for  transporting  the  engine 
and  related  assemblies. 5  k*5  *  Seme  newer  facilities  utilize  ovcriitad  monorail  systems  both  in  the  handl-ng  and  preparation  areas  and  in 
the  cell  itself,  re*  Some  proiilcms  have  developed  with  monurai!  systems,  however,  and  complete  flow  analysts  must  be  accomplished 
before  utilizing  such  o  handling  system,  1st  one  situation,  it  has  been  found  that  vortices  are  formed  by  flow  interaction  with  the 
moporail,  causing  serious  flow  distortion  in  a  cell  designed  to  rest  Urge  turbofan  engines. 

Recently,  stlempts '  »ve  been  made  tc  improve  operator  visual  contact  with  the  interior  of  the  cell.  The  usual  method  of 
providing  this  contact  is  to  provide  a  window  between  the  control  ro  m  and  the  ceil.  Whenever  the  cell  structure  is  penetrated,  additional 
acoustic  problems  are  created;  tn  order  to  provide  minimum  nv»e  swb  within  the  control  room,  there  should  he  no  direct  connection 
between  the  cel!  and  the  control  room.  One  alternative  to  windows  has  been  to  install  closed  circuit  television.  NARF  North  Island  has 
Installed  three  black  and  while  cameras  in  their  large  celis.  These  cameras  have  no  zoom  or  pan  capability  and  have  not  met  with  con-> 
plete  operator  approval.  Also,  they  do  not  obviate  the  need  for  entrant*  into  the  cell  by  technician*,  tc  check  for  fuel  or  oil  leaks  when 
the  engine  is  operating. 

BctSeoJe  of  t**e  varied  engines  which  roust  be  tested  in  ,me  cell,  consideration  must  be  given  to  the  case  with  which  cell 
hardware  can  be  adjusted  fOT  various  engine  Diet.  NARK  North  Island  utilizes  the  movable  augmwiter  concept.  The  facility  at  United 
Ah  tines  ares  a  jacks  crew  arrangement  u,  adjust  tbh  thrust  bed  position,  The  range  of  adjustment  will  depend  on  the  size  of  engines 
projected  to  be  tested,  ami  the  means  of  providing  adjustment  is  an  option  of  the  designer. 

Mrvtern  test  fwilitie*  are  bt  equipped  with  atdoma'it-  data  acquisition  and  processing  capability.  AiResc.*rch  Manufac¬ 
turing  G>,  has  an  excellent  example  of  a  system  assigned  for  -ievctopmcnUii  engine  testing,  and  United  Air  Lines* '  p^*  system 

-designed  for  production  testing  of  overhsl'iod  and  repaired  engines. 
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Mott  of  the  abovs  information  i*  applicable  to  depot  level  i«r  edit  for  largo  overhaul  facilities.  Other  propouk  have  been 
made  for  developing  smaller  twt  edit  for  u*e  in  intermediate  level  maintenance  facilities.  The  Ci  und  Support  Equipment  division  of  the 
Naval  Air  Engin wring  Center,  Philadelphia*  Pa.,  has  dwijjned  a  ceU  for  intermediate  tevcl  maintenance.  This  design  differs  greatly  from 
thoae  dlsrjssed  in  this  section.  A  primary  difference  is  the  construction  tedmieue  utilized.  The  seU  is  constructed  from  pro-fabricated 
section*  aid  is  designed  to  bo  demountable  if  the  need  should  ari*e.  1  he  flow  design  is  different  in  that  separate  intakes  are  provided 
for  the  primary  (engine)  and  secondary  (augmentation.)  airflows.  Complete  aerodynamic  analysis  is  required  for  this  end  other  major 
design  alteratives. 

IV.  DESIGN  OPTIONS 

A.  Test  Fatality  Air  Inlet 

n^routtic  Control.  The  current  development  of  commercial  STOL  aircraft  and  increasingly  stringent  airport  noise  level 
restriction*  '*  have  resulted  in  extensive  on- going  research  directed  at  reduction  of  engine  generated  acoustic  power.  It  is  reasonable  to 
expect  that  the  engines  now  in  service  will  be  the  noisiest,  per  point  thrust,  vith  which  new  test  cilia  must  cope.2"1"  See  Fig.  A  for 
sound  power  levels  for  several  engines.  It  is  equally  certain  that  nevr  test  cells  will  require  come  form  of  inlet  acoustic  treatment  for  the 
following  reasons: 

a.  Cun-ent.  noisy  enViaes  will  still  be  to  service  after  the  anticipated  introduction  of  the  replacement  cells.28 

b.  Turbofan  engines  increase  the  acoustic  power  diiected  up-dream  inti?  the  inlet.  «2sMw 

c.  Military  rarcraft  will  continue  a z  the  least  restricted  i>5  required  acoustic  abatement  by  virtue  of  their  mission  and  environ¬ 
ment.’31*00 

d.  The  test  cell  not  be  able  to  absorb  the  acoustic  power  produced  by  even  the  quietest  of  projected 

w 

Accepting  the  necessity  of  including  specific  acoustic  treatment,  several  options  are  available  as  shown  in  Fig.  6.  .Many  of 
the  designs  for  which  performance  data  are  available  are  •iroprk-tary  ones,  and  the  cost  of  acquisition  must  In-  weighed  agamst  'hat  of 
locally  produced  designs  which  must  be  oversized  to  compensate  for  the  less  complete  information  on  effectiveness. 

Flat  baffles  are  the  simples*  of  the  duet  obstruction  type*.  Of  sbest  metal  and  fiberglass  composition  they  tr.n,  with  -wrefiri 
streamlining,  provide  acceptably  low  levels  of  now  distortion  Adjustment  of  length,  thickness,  and  spacing  can  match  r coustic  absorp¬ 
tion  'laracteristics  to  specified  frequency  range*.  The  overall  flow  length  required  to  meet  both  vcoustic  and  aerodyna  me  limits  may 
be  the  greatest  for  this  option,  and  the  increased  cell  length  cjr  stock  height  must  be  off-set  by  simplicity  of  installation  and  replacement. 
Both  propricl-y  and  non-proprietsry  de&gns  are  available.1*-’28  Staggered  baffles  require  less  total  flow  length  for  the  same  absorption 
and  produce  less  aerodynamic  distortion  than  the  fiat  types.  They  are  also  more  difficult  to  construct  and  replace  though  reduce  .1  total 
site  may  ease  handling  difficulties.'"*'*'  - 

/ 

The  rinuous  passage  treatment  requires  a  length  and  produces  a  distortion  level  intermediate  to  those  of  the  two  baffle  types. 
Construction  and  installation  »e  more  difficult  and  axpeniivc  than  either  of  the  baffles,  but  proprietary  designs  ere  available  which  per¬ 
mit  sLngJe  panel  replacement.^0^ J 

The  acoustic  performance  of  tire  *ubujar  treatment 
reduce*  the  total  flow  length  required  below  that  of  the  other 
options,  but  the  distortion  level  in  some  operating  conditions 
m»y  demand  an  increase  in  mi>  lag  length  which  offset.,  tins  gain. 
Additionally  they  may  prove  incompatible  with  gcad  Minting 
vane  performance  whet  used  in  a  vertical  inlet.  The  uvai-aHs 
designs  with  ad*quatete<2<teuinen;cd  performance  levels  are 
projsiciary  ir  nature.25,22 

Another  option  which  is  not  in  cmer.t  use  and 
which  ti Etafos  to  hi  foil?  evaluated  as  to  effectiveness  is  the 
lined  wail  ■concept.  By  lining  the  considerable  *aI!/ovcrhc«d 
area  foreward  of  the  engine  in 'ft  with  suitable  foam  ami  lead 
septum  material.  It  may  be  pv.fjibfe  to  sBmioate  entirely  the 
need  for  duct  obstructing  devices  with  consequent  simplification 
of  distortion  control.  Since  considerable  absorbing  titicl mee» 
couH  be  provided  at  low  cost  in  a  test  cdL  this  option  art  be 
considcreo.  Preliminary  analyris  by  the  treatrrenl  n  ufactorar 
indicutcs  that  this  method  would  be  restricted  to  a  vertical  inlet 
arrangement.  The  lining  material  is  available  from,  commercial 
sourow,  end  it  would  be  necessary  tc  obtain  their  assirtence  in 
dctermL-.bg  the  type  and -quantity  required.  . 

Any  of  these  alternatives  can  provide  the  required 
acoustic  control  and  except  us  noted  do  not  restrict  the  selection 
of  inlet  position.  Detailed  investigation  is  required  to  evaluate 
the  possible  trade-off*  in  cost,  sire,  service  life,  and  distortion. 

The  ccnstrttelfoh  contractor  will  require  the  services  of  a  qual:- 
fied  acmtsti;  engineer,  butstairfictury  inlet  acoustic  treatment 
on  be  trroridi-d  at  reasonable  cort.  ttoe&ng  end  Boh  **  provide 
au  excellent  summary  of  calculation  procedures  for  design  use. 
Before  final  syleeCoo  can  be  roads,  the  c-etigner  must,  of  necessity, 
tor-rider  compatibility  with  the  aerodynamic  requirement* 
detailed  m  the  next  section. 

Aerodynamics  CerePfmKmjivr  design  criteria  sue 
not  available  for  this  aped  of  the  inlet  design.  Ho 
method  is  available  for  the  prediction  of  streamline,  pressure, 
oi  velocity  priteres  shhougb  these  rosy  limit  the  total  fist «« 
in  its  compatibility  with  future  engines.  Reference  12  s  an 
esanmk  of  a  completed  construction  specification  which  tresis 
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,  j  f°  ?  [  j  this  i-quirement  lightly.  The  designer  has  available 

tflft  Rfld  100009  UAA4AS  I  he  choice  of:  a.)  Inlet  shape:  horizontal,  vertical, 

ij  y  h  I)  I  nnnnfs  !r  lUtiM  inclined,  open  ended  or  capped;  b.,»  ouraber  of 

U  u  U  V>  dj  uu^  turns,  radii,  and  flow  lengths;  c.)  shape  of  the  flow 

1  |  ** .  dividers  used  in  acoustic  control;  d.)  duct  shape: 

j  expanding,  contracting,  constant  area;  open  or  vane 

I  guided  turns;  and  e.)  duct  wali  finish:  protrusion 

_ _  L__ _ j _ streamlining,  the  slirouding  of  fittings,  and  the 

.  „  .  *  .  _  installation  of  boundary  layer  trips  or  vortex  genera- 

5  rw  **""  2  Sl3«*,‘d  8a,f“  -  3  s,!w,ul  Po“68*  •  ton.  The  following  diverse  factors  mutt  be  con- 

adered  in  selecting  from  these  options:  a.)  Cost 

- ~S  and  availability  of  real  e  ate  at  the  proposed  site; 

K  p  I  b.)  effect  of  inlet  stack  height  and  porition  on  the 

111  II  0  jj  reingestion  of  exhaust  gas;  c.)  required  cell  air  flow 

UL1JJ.  0  B  capacity;  d.}  Allowable  pressure  an^yelotity  distor- 

j  j  1  0  tion  of  the  flow  at  the  engine  inlet:4'1  e.)  allowable 

>  8  VZZZ7.  r*U  depression:  f.)  reqt  >emcnis  for  emergency  air- 

1  K  f-  *  mo  •  «(,s  flow  shut  off  to  permit  CO*  flooding;  g.)  local 

g _ „ih  HojiiMfei  weather  conditions,  especially  winds  and  wind  pro- 

i _  _  inwis  files;  and  h.)  construction  cost  per  square  foot  of 

«  rvwtar  3  Lm*J  ««»»  cross  sectional  area  and  foot  of  length.  Of  these 

factors,  a,  g,  and  h  may  be  accurately  determined 

Figure  5  Inlet  Acoustic  Treatment  Options.  following  the  selection  of  the  construction  site. 

Analysis  of  the  effect  of  stack  height  and  position 

requires  that  the  exhaust  treatment  type  end  pollution  control  system  be  identified.  In  general,  with  exhaust  directed  vertically, 
incrca*-  -  ;  the  mist  height  and  reducing  inict-to-exhaust  sewatiou  distance  reduce  the  probability  of  avoiding  recirculation  problems. 

A  hor.  ntal  inflow  naturally  reduces  the  likelihood  of  exhau.tr  gz;  capture. 8-  "  The  references  provide  reasonably  accurate  prediction 
methods  for  proposed  design  susceptibility  to  recirculation. 
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Figure  5  Inlet  Acoustic  Treatment  Options. 


Determination  of  the  total  ini. :  flow  cajiacity  requires  identification  of  maximum  projected  engine  requrements  and 
facility  type.  With  this  available,  us..ig  infema  jon  fiom  Figures  1  and  2  and  simitar  data,  it  is  necessary  to  select  the  augmentation 
ratio  for  the  t.'h  Again,  this  cannot  be  freely  chosen  but  s  fixed  by  choice  of  exhaust  treatment  system  since  the  various  types  have 
widely  differ  eri  requirements  for  excess  air.  Since  a  continuing  trend  toward  higher  ex.iaus.  tern  pent  u_e  is  evident,  excess  air  to  cool 
ibis  exhaust  wdl  go  the  same  way.  Since  this  capacity  may  limit  the  facility  growth  potential  and  excess  capacity  is  low  in  maintenance 
cost,  it  should  be  maximized  consistent  with  construction  costs.  References  12, 28, 32.  37,  and  40  illustrate  typical  current  and  am 
i  ipated  augmentation  requirements.  From  these  a  total  airflow  rapacity  three  times  the  maximum  engine  requirement  car.  be  justified. 


Since  test  cell  ojieiation  ideally  simulates  free  atmosphere  engine  performance,  the  approach  velocity  is  limited  in  modern 
facilities  to  a  max.mum  of  50  feet  per  second."1*8,3'  This  i*  an  arbitrary  limit  but  is  reasonable  since  increasing  velocity  above  this  point 
rapidly  increases  the  cost  of  distortion  control,  increases  cell  depression,  and  decreases  the  accuracy  of  thrust  measurement.  Accepting 
this  lisle .  cross-sectional  area  required  is  -ulculatcd  jssily,  and  depression  per  foot  cf  flow  length  may  be  accurately  estimated  using  the 
standard  duct  flow  loss  techniques  of  Kefs.  41,  42,  and  43.  Var.ous  depression  limits  have  been  used  in  the  design  of  cunrent  facilities, 
but  general  agreement  is  found  in  conndering  the  depression  to  lie  n  free  variable  and  altering  the  design  to  change  it  only  m  the  most 
extreme  cases,  i.e.,  those  in  which  pressure  locals  approach  the  structural  loa«  limit.37  40  The  effect  of  greatly  increased  mass  flows  on 
depression  and  required  crosi-sectional  areas  is  demonsteind  in  Fig-  3. 


In  the  past,  with  tnese  estimates,  ,.te  designer  so.  Jii  produce  construction  blueprints  for  tht  inlet.  Prior  to  the  introduction 
of  the  turl-ofa-i  engine,  the  productx-r.  test  ceil  ..as  required  to  produce  a  specified  quantity  of  air  at  a  reasonable  velocity  at  the  engine 
inlet.  Only  the  grossest  mismatch  of  engine,  cel!  sites  or  tile  ingestion  of  objects  other  than  air  molecules  could  produce  compressor  stall, 
mow  reversal,  overtemperature,  or  unstahle  engine  osctlialic.r..  Today,  test  cells  can  be  and  arc_built  which  have  more  than  sufficient  inlet 
flow  capably  but  which  ‘.unnoi  be  used  to  test  the  "ngmes  io  which  they  were  designed.  -3*  The  condition  responsible  is  nonurufor- 
Kitj  of  pressure  or  velocity  distribution  at  the  engine  inlet.  T urbofar.  enpr.es,  both  hiRh  and  low  bypass,  ruid  special-use,  hft  type  engines 
are  the  most  sensitive  to  this  distortion,  4  out  when  it  exists,  it  affects  every  engine  tested  to  an  unpredictable  extent.  Its  sources  are 
numerous  sr.a  effev  tivjij.iny -dt  everything  in  the  ceil  between  the  open  atmosphere  and  the  engine  Lee  which  is  in  uher  than  a  straight 
vtr.ooth-wnlied  duct.  '•4;>'  *® 

The  design  of  distortion  free  micts  is  an  empirical  matter  with  even  tne  most  experienced  contractors  ir.  the  field.34  Until 

a  method  becomes  available  to  predict  the 

3.0  p  .  j  -  j  -  ,  .  How  distortion  for  a  projected  engine  in 

!  t,  I  t,  ■  *>  I  <*>  v/  /  \  /  ar  proposed  cell  with  variable  augmentation 

•1 1  trl  c/  c/  i-'  </  X/  ratio,  the  designer  must  accept  the  neccs- 

3  nI  §■■  5  §j  y  y  S'  sity  cf  the  following  restrictions:  a.)  Mini- 

40  1.8  •?  »|  «  «/  y  y  -y  mire  the  number  of  turns  in  the  inlet; 

$  I  !  j  f  /  /  b.)  place  no  flow  dividing  surfaces  in  the 

«  j  j  j  j  t  /  /  inlet  which  are  n„t  absolutely  necessary: 

s  |  !  j  j  j  /  /  /  ■■  c.)  vfrearaline  all  surfaces  confining  the 

J  SO  -  j  f  j  j  j  /  /  /  flow  or  immersed  in  it;  d.)  provide  flow 

j*  III//  /  /  /  lengfli  forward  of  the  engine  for  vortex 

c  J  /  /  j  /  /  /  /  and  wake  damping;33  c.)  construct  and 

S  ill/  /  /  /'  /  /  test  models  of  proposed  designs;49 

|  2.0  -  iff  1  /  /  /  ,/  s'  f.)  provide  turning  vanes34  and  flow 

S  \  \  j  j  /  /  /  /  s'  straighteners  for  cell  operations  near 

5  j  /  /  /  /  /  /  /  ./  design  flow  capacity;  g.)  test  the  finished 

«  1  *  If/  /  /  ci‘11  with  reasonable  completeness  at  all 

l.o  -I  /  j  r  /  fiow  levels  and  augmentation  ratios,  and 

/  /  /  /  /  S  s  /  sS~  h.)  employ  aerodynamic  analysis  methods 

//  /  //  0*>f*r»an  *»  to  vtioctty  «r*r  jn  t(lc  design  of  duct  curves.  Refer- 

erce  33  indicates  an  empirically  detCT- 

o  -zzZZ. — 1 - - 1 - 1 - 1 - 1 - — 1 -  mined  pressure  distortion  maximum  of 

SOO  iOOD  1500  2000  «CC  5000  5300  4000  i0.25  in  ILO.  The  pcrsutcncc  of 

C*fl  Mass  Hao,  «/stc.  generated  by  flow  obstructions  may  be 

Figure  6  Effect  of  Increased  Mas  Flow  on  Celt  Depression  and  Required  Area.  estimated  with  the  methods  of  Refs.  52. 
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13,  and  34  However,  tuts!  dUtr-rtmo  cannot  be  predicted  accuitely,  ana  no  fixed  limit*  have  beer,  established  yel  by  tost  cell  operators 
Oi’dnlgnm-  Dfctonion  Indice*  have  been  published  by  many  manufacturer*  for  production  engines.  Definitions  vary,  but  each  index 
may  be  measur'd  by  pressure  survey  rakes  located  forward  of  the  compressor  face.  The  variation  with  engine  speed  of  this  index  may  be 
measured  for  a  given  engine  type  iii  a  particular  cell,  and  the  limit  which  will  cause  engine  surge  o»  stall  is  then  available.  Unfortunately, 
there  is  no  method  for  predicting  the  value  of  the  dlstort-ou  Index  for  a  proposed  cell  design  or  a  given  engine.  Extensive  investigation 
also  has  failed  to  establish  useful  correlations  between  test  cell  stall  margin  and  that  of  the  same  engine  installed  in  an  aircraft.  There¬ 
fore  the  best  the  designer  can  uo  now  Is  to  conform  to  the  above  guidelines  and  include  provisions  for  repealed  aerodynamic  monitoring 
of  ceil  perfomaneo  throughout  the  service  life  of  the  facility.  Ctojent  research  may  simplify  vastly  this  aspect  of  design  and  increase 
confidence  in  the  final  performance  of  future  high  capacity  ceib.  For  current  installations,  distortions  caused  by  inlet  vortice*  may  be 
reduced  by  the  employment  of  wall  or  deck  fences  or  aspirated  plates;  this  recent  discovery  is  discussed  in  Ref,  3b 

M  jetenance  and  Safety.  Aside  from  basic  structure.!  integrity  of  all  components,  the  contribution  cf  inlet  design  to  safe 
cell  operation  has  beef;  in  the  provision  for  airflow  shut  off  and  filtering  for  fire  fighting  and  piotection  of  the  engine  from  foreign  object 
damage.  This  latter  requirement  is  accepted  universally  and  is  met  by  various  combinations  of  wire  mesh  duct  screens  and  bellmouth 
covers.  The  designer  may  locate  these  screens  as  convenient,  but  placement  aft  of  distortion-producing  acoustic  treatment  will  provide 
a  bonus  of  a  reduced  requirement  for  flew  mixing  length.  References  42  Mid  50  may  be  used  to  calculate  pressure  loss  due  to  screening. 

Although  CO o  flooding  systems  arc  available  in  many  present  test  colls,  there  is  less  than  complete  agreement  about  the 
necessity  of  their  incorporation  in  future  facilities.  Increased  sire  and  the  greater  CO 2  capacity  required  to  effectively  flood  large  cells 
have  escalated  the  associated  installation  costs,  larger  cross  sections  also  imply  longer  operating  times  for  hatch  shutoffs  and  further 
reauev  system  effectiveness.  Operator  experience  ind  ates  that  the  Cardox  flood  system  may  itself  be  more  of  a  hazard  than  the  fires 
it  is  intended  .0  prevent  due  to  casualties  possible  f  n  accidental  actuation.  Many  aircraft  powered  by  turbojet  engines  now  incorpo¬ 
rate  quick  shutdown  systems  snd  local  application  of  extinguishing  agents  Similar  provirions  ir.  test  facilities  may  eliminate  the  require¬ 
ment  for  a  quick-acting  inlet  shutoff.  This  is  worth  detailed  investigation  since  it  would  remove  the  only  inlet  component  requiring 
regular  maintenance  and  would  represent  a  considers! be  savings  in  construction  cost.16’34 

The  cell  access  doors  and  their  actuation  systems  are  the  other  inlet  components  with  maintenance  requirements  in  a  side 
loaded  configuration.  If  the  front  loaded  layout  is  selected,  it  may  be  necessary  to  include  articulated  acoustic  treatment  and  flow 
straighteners  which  will  increase  loading  time  somewhat  and  bo  sources  of  additional  maintenance  requirements,  in  cither  cose,  sliding 
or  outward  opening  doors  provide  designed-in  safety.  Any  door  should  be  designed  so  that  the  forces  from  cell  depression  act  so  as  to 
close  the  door,  not  open  II. 

Inlet  design  can  make  a  substantial  contribution  to  overall  cell  performance  and  to  reduction  of  operating  costs  by  the 
inclusion  of  a  mounting  frame  for  air  filtration  pencil.  Pacing  the  flow  through  a  ten  micron  filter  will  increase  the  life  of  all  cell  com¬ 
ponents  iron  acoustic  sheet  metal  to  temperature  probes.4  6  These  panels  are  low  in  cost  and  are  reuse  able;  the  increase  in  cell  depres¬ 
sion  is  minimal-  The  ait  quality  at  nearly  all  facility  sites  is  now  poor  enough  to  make  this  a  profitable  addition  to  new  designs;  this 
quaaty  is  not  likely  to  improve  much  in  the  future. 

B.  Test  Sections34-64 

Engine  Handling  and  Access.  Efficient  *•  potation  of  production  type  test  cells  requires  that  the  non-running  tune  of  the 
engine  in  the  cell  be  minimized.  The  engine-test  bed  adapter  system  is  the  best  means  of  reducing  this  time  and  has  demonstrated 
satisfactory  performance  at  many  modem  facilities.  Since  the  adapter  is  attached  to  the  engine  in  the  preparation  area,  the  handling  tvs- 
tern  must  transport  the  completed  unit.  Selection  of  the  optimum  handling  method  requires  consideration  of  the  following  factors: 

a.  Tracked  dollies  prevent  d.tnage  to  concrete  decking  and  eliminate  traffic  accidents  that  can  occur  with  free  dolbes,  bu! 
they  are  relatively  infl  .-xiblc  in  accepting  widely  varying  engine  sires.  They  are  also  reasonably  complex  when  used  with 
enguiP-ccl!  adapters  and  may  require  more  maintenance  then  overhead  handling  systems  of  c-qua!  capacity. 

b.  Free  dollies  may  require  special  high  cost  decking  for  use  with  large,  heavy  engines;  and  when  designed  to  handle  the 
C'igtne.'adapter  combination,  they  may  not  be  suitable  for  general  use  elsewhere  in  the  repair  facility. 

e-  Bridge  cranes  lack  the  ability  to  serve  both  the  test  evil  and.  a  largo  preparation  area.  They  also  require  larger  and  more 
expensive  cell  access  doors. 

d.  The  overhead  monorail,  either  powered  or  free,  minimize?  access  door  size,  can  b<  backed  to  multiple  prep  area  stations, 
is  suitable  for  the  engine/adaptcr  ccmbir.stion,  can  incorporate  the  hoisting  unit  required  for  cell  loading,  is  flcxiole  in 
size  and  shape  ea)>aci:y ,  and  ailoirt  required  maintenance  to  be  performed  outadc  toe  cell.  Thu  system  is  in  operation  1 
in  present  facilities:  the  only  difficulty  has  been  the  effect  of  the  rail  on  inlet  aerodynamics.  A  streamlined  back  shroud 
or  submersion  ir  the  overhead  staface  may  reasonably  be  expected  to  eliminate  unacceptable  flow  distortion. 

Access  to  the  installed  engine  must  be  convenient  ana  safe.  The  access  structure  must  not  produce  flow  distortion  or  recir¬ 
culation  during  test  operation  end  must  r-£  adjustable  in  height  and  lateral  position.  Current  systems  ubbze  access  structures  which 
retract  into  the  interior  cell  surfaces.  ,3,>  Deck  mounted  service  stands  will  be  subject  continually  to  corrosion  damage  from  spilled 
engine  flukis  and  cleaning  solvents,  and  they  must  supjiorf  traosixsrt  dollies  if  an  overhead  system  is  not  employed  A  valuable  addii  an 
to  opera  tonal  efficiency  can  be  made  hy  the  designed  inclusion  of  storage  space  for  servicing  and  troubleshooting  equipment  which  . 
convenient  to  the  work  area.  Adequate  lighting  of  the  side  snd  bottom  engine  surfaces  is  essential,  and  at  some  sites  the  installation  of 
radiant  heating  unite  can  greatly  increase  efficiency  and  s-cSety. 

Acoustic,  lit  current  test  ccCs  li  is  the  acoustic  portion  of  the  engine  environment  which  is  least  similar  to  that  of  the 
sircrafi-inc tailed  engine.  Reflection  from  the  smooth  concrete  surfaces  surrounding  the  engine  subjects  the  engine  rasing  and  external 
accessories  to  arourtie  power  1-tvels  several  times  those  present  in  an  aircraft.  No  reliable  data  on  damage  caused  by  this  are  available, 
but  It  is  certain  thav  it  is  not  beneficial.  Some  operators  subjectively  estimate  that  a  10-15H  reduction  in  component  life  is  attributable 
to  this  source.  New  cells  should  be  designed  to  minim  ire  the  acoustic  energy  reflected  onto  the  test  engine  either  by  absorbing  it  at  the 
wall  surface  or  directing -it  away  from  the  test  section.  Reference  57  illustrates  the  rjbitanris!  reduction  possible  with  commercial  absor¬ 
bent  materials.  The  effectiveness  of  directionally  reflective  surfaces  is  illustrated  in  Ref.  39;  this  option  has  the  advantage  of  nominal 
coil  in  new  construction. 

Aerodynamic*.  The  primary  requirement  for  the  test  section  is  that  the  flow  remain  unidirectional  ai <d  without  recirculation 
of  engine  exhaust  Afl  of  the  engine  bellmouth  there  is  no  further  necessity  for  streamiimr.g  or  -shrouding  equipment  except  that  even 
-mall  i-ariations  of  pressure  along  the  engine  rasing  may  produce  variation  in  the  measured  thrust.  This  will  sx?  minimized  by  keeping  the 
expOj^i  surface  mea  between  the  engine  sod  the  thrust  bed  to  a  minimum,  and.  if  constant,  it  can  be  ii.chrotd  in  cel!  correlation  fac- 
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When  the  augmentation 
ratio  is  high,  there  is  little  likelihood  of 
recirculation.  When  little  o- no  augmen¬ 
tation  air  iS  used,  the  control  of  recircu 
lation  is  more  difficult;  and,  to  be  flexi¬ 
ble.  new  facilities  mutt  be  designed  for 
possible  operation  in  the  zero  augments 
tion  mode.*’ '  Figure  7  illustrates  the 
primary  alternatives  for  recirculation 
control.  The  •"r'ium  wall  provides  posi¬ 
tive  control  but  must  be  considered  as  a 
'ast  resort  due  to  the  mechanical  com¬ 
plexity  involved  in  making  it  removable, 
useable  with  different  engine  inlets,  and 
strong  enough  to  resist  the  considerable 
pressure  loading  which  is  possible.  The 
second  alternative  requires  that  excess 
air  be  drawn  past  the  engine  even  when  it 
is  not  required  for  exhaust  cooling  or 
mixing.  Since  this  is  needed  only  while 
the  engine  is  in  operation,  it  is  logical  to 
make  the  engine  exhaust  the  power  source 
and  design  the  system  to  be  entirely  pas¬ 
sive.  An  active  exhauster  powered  by  a 

separate  electric  motor  is  possible,  but  the  flow  capacity  required  and  the  additional  cost  and  maintenance  make  it  less  than  attractive. 
The  drawback  to  inclusion  of  the  passive  venturi  powered  system  is  that  the  initial  motivation  for  operation  with  a  low  augmentation 
ratio  jnay  be  reduction  of  the  flow  volume  to  be  handled  by  a  pollution  control  system.  If  the  afterburner  method  of  pollution  con- 
trol6“  is  to  be  used,  the  exhauster  air  could  be  added  to  the  exhaust  aft  of  the  secondary  combustion  zone.  In  any  system,  if  tht  volume 
flew  required  for  control  of  recirculation  is  low  enough,  inclusion  of  the  passive  exhauster  must  be  considered  since  it  has  the  advantages 
of  low  initial  cost  and  minimum  maintenance  requirements.  3 

Installation  of  cell  instrumentation  with  the  capacity  to  detect  recirculation  is  a  design  feature  which  will  return  an ,  lent 
profit  on  small  initial  investment  by  ensuring  test  reliability  and  preventing  the  accumulation  of  explosive  mixtures  when  future  c>.b..ic- 
augmenter  positions  are  varied.  It  should  be  emphasized  that  explosions  arc  a  very  real  possibility,  and  care  must  be  taken  m  design  to 
avoid  cavities  where  fuel-air  mixtures  can  accumulate. 


Passive  Exousttr 

Figure  7  Recirculation  Control  Options. 


Instrumentation  and  Mounting.  A  key  feature  of  the  instrumentation  design  is  flexibility.  Effective  use  of  the  engine 
adapter  system  requires  that  the  permanant  test  ceil  portion  of  the  equipment  require  little  or  no  modification  when  new  engines  are 
introduced.  Each  adapter  will  be  customized  to  a  particular  engine,  but  all  must  appear  identical  to  the  test  bed.  This  demands  that  the 
original  design  have  sufficient  capacity  to  accept  the  number  and  type  of  u.  *a  transmission  channels  required  by  future  engines  and 
refined  test  techniques.  References  12,  t6,  and  28  illustrate  current  estimates  o."  mis  requirement,  recent  experience  indicates  that  the 
savings  possible  by  limiting  this  capacity  almost  certainly  will  be  temporary  ones  since  excess  rapacity  is  free  of  maintenance  cost  and 
can,  in  fact,  greatly  reduce  cell  down-time  by  permitting  rapid  shift  to  alternate  channels  when  malfunctions  occur.  Maintenance  can 
then  be  performed  at  scheduled  times.  The  importance  of  this  capability  cannot  be  overemphasized  since  most  operators  report  that  the 
majority  of  cell  down-time  results  from  instrumentation  malfunctions. 

Instrumentation  undoubtedly  will  be  required  for  monitoring  test  facility  performance  relative  to  pollution.  Many  different 
instruments  may  be  required,  although  the  production  test  facility  requires  less  extensive  instrumentation  than  a  research  lest  facility . 

Some  of  the  instrumentation  that  may  be  needed  includes  infrared  and  ultraviolet  spectrometers,  gas  chromatographs,  smoke  meicrs, 
acoustic  measuring  systems,  and  Raman  spectrographs. 

Knowledge  of  test  facility  pollutant  emission  is  the  essentia!  first  step  to  pollution  control.  Furthermore,  community  com 
plaints,  inadvertent  shutdown  ordered  by  control  agencies,  and  possible  fines  are  avoided  by  constant  monitoring  of  pollution  levels. 

Although  cell  accessibility  may  be  complicated  by  the  use  of  the  ovcihcad  thrust  bed,  its  advantages  more  than  compensate 
for  this;  and  it  is  now  recognized  as  the  best  design  for  future  test  cells.  Among  these  advantages  are.  natural  similarity  to  aircraft 
engine  mounting  methods,  ready  compatibility  with  monorail  handling,  freedom  from  corrosion  by  collected  fluids,  flexibility  m  engine 
posit  -lung,  and  the  availability  of  advanced  design  experience,  it  is  possible  to  utilize  a  single  step  plug-in  of  the  adapter  to  the  test  bed, 
but  experience  indicates  that  separating  the  connection  of  the  physical  support  from  the  plug-in  of  the  instrumentation  leads  enhances 
system  reliability.1® 


For  facilities  required  to  anticipate  a  wide  spectrum  of  thrust  levels,  it  is  possible  to  improve  thrust  measurement  accuracy 
by  using  a  three  component  system,  test  frame,  thrust  bed,  and  engine  adaptor.  With  this  arrangement  the  thrust  bed  may  be  changed 
to  one  having  flexures  with  maximum  sensitivity  in  the  desired  range.16  Investigation  of  the  possibility  of  eliminating  the  direct  thrust 
measurement  system  has  shown  that  while  it  is  technically  feasible,  the  savings  m  engineering  complexity  are  small  and  are  offset  by 
increased  requirements  for  other  types  of  instrumentation.  In  the  view  of  most  users,  deletion  of  the  direct  thrust  measurement  system 
is  not  justified. 2,16,39 

Auxiliary  Subsystems.  One  of  the  most  persistent  failures  in  test  ceil  design  has  been  lack  of  subsystem  growth  potential. 
Rapidly  increasing  fuel  consumption  rate?  have  made  extensive  rework  of  some  facilities  necessary  and  restricted  the  operation  of 
others.  ,16  At  several  installations  the  supply  of  starting  air  has  proven  inadequate  almost  before  the  cell  was  placed  m  operation.12 
For  facilities  requiring  water  for  exhaust  gas  cooling  or  scrubbing,  it  is  imperative  that  future  capacities  be  determined  since  they  may 
well  be  double  or  triple  those  required  to  test  current  engines.  *n  all  these  subsystems,  doubling  the  design  capacity  increases  initial 
cost  only  about  20%  while  a  similar  change  ir.  an  existing  system  may  easily  double  the  original  cost  and  require  extended  facility  clo¬ 
sures. 

In  addition  to  sufficient  capacity,  the  fuel  system  should  be  designed  to  permit  future  expansion  to  at  least  a  two  fuel 
operation?’3”  Again,  providing  this  flexibility  during  design  will  cost  far  less  than  adding  it  later,  lheagn  of.all  subsystem  controls 
should  include  maximum  utilization  of  advanced  control  and  monitor  technology.  The  number  and  criticality  of  the  subsystems  which 
must  be  included  in  a  turbojet  test  cell  demand  that  careful  attention  be  given  to  design  of  interlock  controls  providing  fail-safe  operation. 
There  is  no  reason  for  operator  error  or  an  undetected  malfunction  to  cause  major  damage  to  the  engine  or  test  facility.  The  electrical 
power  dissipation,  dynamometer,  and  fire  extinguishing  systems  should  also  be  routed  through  a  master  interlock  control. 


C.  Control  Center 


i  j  .  T  16  C!’0,“°.f  acquisition  method  will  establish  the  requirements  for  the  design  of  this  area,  in  a  facility  requiring 
rnanua.  data  recording,  2>4Q%o(  the  total  engine  running  time  is  occupied  solely  by  data  acquisition.  Additionally,  two  to  three  min¬ 
utes  may  elapse  between  the  Grrt  and  last  data  reading  at  each  operating  condition.  Thus  the  justification  for  the  higher  cost  of  auto¬ 
matic  data  acquisition  systems  includes  reduced  cell  time  per  engine  (with  accompanying  reduction  for  fuel,  utility,  and  pollution  abate¬ 
ment  lotus)  and  increased  test  credibility  due  to  the  simultaneity  and  accuracy  of  data. 

...  ,  Sufficient  incentive  exists  for  the  inclusion  of  automatic  data  scanning  equipment  in  all  future  production  test  cells.  It  is 
posn automatically  acquire  data  and  simply  supply  it  as  a  printed  record.  But  the  nature  of  the  data  processing  normally  requir'd 
is  such  that  its  inclusion  within  the  automatic  equipment  in  simple  and  effective.  It  can  then  be  presented  in  a  written  format  acceptable 
to  the  user  as  shown  in  Fig.  8  or  as  red-time  operator  assistance.  Further  extension  of  data  system  sophistication  is  possible  and  may  be 
justified  m  the  following  areas:  a.)  Individual  engine  history  records  containing  either  rework/repair  testing  results  or  expanded  to 
include  in-service  information;  b.)  safety  monitoring  capability  to  provide  warning  of  impending  failure  or  to  initiate  shutdown  or 
other  corrective  e<-t-;cn;  and  c.)  operator  assistance  in  the  form  of  step-by-step  procedural  instructions  and  malfunction  analysis.  The 
computer  centered  data  system  also  can  be  operated  in  a  closed  loop  mode  with  engines  tested  under  fully  automatic  control.16-5®  It 
is  unlikely  that  this  cou.d  be  economically  justified  in  future  production  type  facilities  since  -Manpower  savings  would  be  small  (mstalla- 
tion  and  repair  still  required)  and  the  cost  of  a  reliable  system  high.  " 

.  H*"8  ran8f  economy  is  best  served  by  including  in  the  initial  system  design  excess  capacity  to  permit  processing  of  addi¬ 

tional  data  without  major  remodeling.  Removable  flooring  in  the  control  area  is  an  excellent  means  of  providing  both  mauitenance 
access  and  ease  of  modification.  Electronic  data  systems  are  more  sensitive  to  interference  and  damage  from  acoustic,  vibrational,  and 
electromagnetic  energy  than  Urn  human  operators,  a  fact  which  reinforces  the  necessity  for  the  inclusion  of  appropriate  types  of  shield¬ 
ing  m  the  control  area.1-'*'14'-'*’ 

„  .  .  Replacement  of  the  viewing  window  by  a  closed  circuit  TV  monitor  simplifies  tne  insulation  problem  and  increases  safety. 

To  justify  its  cost,  tne  video  monitoring  system  must  be  capable  of  providing  resolution  and  discrimination  comparable  to  that  of  an 
operator  present  in  the  cell.  With  carefully  considered  lighting  and  placement,  accurate  color  reproduction,  magnification  to  a  one-foot 
focal  distance,  and  full  articulation,  it  will  be  possible  to  eliminate  the  necessity  for  in-ceil  operator  inspection.  This  could  reduce  run 
times  and  allow  leakage  checks  at  other  than  idle  power  settings.  For  some  facilities  the  addition  of  a  video  recording  capability  to  the 
monitor  system  may  be  advisable.  Having  low  initial  cost,  adaptable  to  fully  automatic  control,  and  requiring  little  maintenance  a  video 
tape  recorder  could  provide  accurate  records  of  malfunctions  and  permit  continuing  studies  of  cell  efficiency.  A  recorder  could  also  sup¬ 
ply  effective  training  material  for  operators  when  new  engine  models  are  introduced  or  new  test  procedures  are  initiated. 

,  ..  .  .  lesien  ot  the  contro1  station  wd  provision  of  ready  access  to  the  installed  equipment  should  be  c-f  prime  concern 

to  .he  designer.  •  Some  operators  presently  feel  that  audio  monitor  capability  should  be  provided,  and  an  earpiece  adaptation  of  the 
required  intercom  system  could  be  employed  for  this  purpose. 

D.  Augmenler  and  Exhaust  Treatment 

Gyncrqi.  An  efficient,  flexible,  and  reliable  exhaust  system  is  perhaps  the  most  critical  segment  in  test  cell  design,  yet  the 

present  level  of  engineering  sophistication  in  this  area  is  still  elementary.  Justification  for  the  above  statement  is  recent  changes  in  the 
design  enteric  for  exhaust  treatments.  Early  designs  were  built  primarily  to  lower  exhaust  temperatures  to  levels  that  would  not  unac¬ 
ceptably  shorten  the  life  of  installed  noise  abatamept  systems.  This  was  accomplished  by  mixing  the  jet  exhaust  with  secondary  air. 

Past  acoustic  practices  have  been  re-examineU,w-t,i  and  in  many  cases  stricter  requirements  have  been  formula  ted.12'15’25-5® 

Additionally,  attention  is  now  being  focused  on  reducing  the  air  pollution  levels  of  jet  engino  test  cells.  Generali; ,  test  cells 

are  placed  in  a  different  regulatory 
category  than  are  jet  aircraft  them¬ 
selves.  They  are  classed  with  other 
stationary  sources.62,62 

Aerodynamics  and 
Thermodynamics  of  Exhausts,  ~A 
poorly  designed  augmenler  system 
may  be  one  that  acts  as  an  unneces¬ 
sarily  powerful  jet  pump.  In  this 
situation  too  much  secondary  or 
cooling  air  Is  entrained  with  the 
engine  exhaust,  causing  higher  than 
designed  cel!  airflows  and  cell 
depressions.  Alio,  larger  than  design 
airflows  will  increase  distortion 
levels  and  possibly  demot  smooth 
engine  operation.6’15'37  Large  air 
flow  also  can  cause  enrol*  in  thrust 
measurement.  Fro  to  the  pollution 
point  of  view,  exce  l,  exhaust  mass 
flow  rates  increase  nbat-roicnl  costa. 

At  the  ether  end  of 
the  design  fpcctnan  is  the  system 
that  fails  to  induce  enough  aicon- 
dary  airflow  and  thereby  fails  to 
prevent  the  probity  of  recirculation 
of  exhaust  gsser,  E&nsxshv  exhavst 
temperature  may  also  remit. 

The  jatAlsni  of  exces? 
secondary  airflo”  has  beon  encoun¬ 
tered  at  several  facflilH.  At  North 
Island  a  flange  has  been  added  to 
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the  augmenter  bellmouth  restricting  the  flow 
of  secondary  air.  This  is  not  a  smooth  design 
atrodynamicaily,  and  the  capability  of  this 
facility  to  handle  large  bypesa  fan  engines  or 
other  high  flow  rate  engine  types  is  severely 
limited  with  the  present  flow  restriction.  A 
second  solution  is  to  install  orifice  plates 
within  the  augments*  itself  to  reduce  the 
available  flow  area."  This  type  addition  is 
slightly  more  flexible  than  the  former  since 
various  size  plates  may  be  installed  depending 
on  the  flow  characteristics  of  the  particular 
engine  under  test. 

At  the  United  Air  Lines  facility 
in  San  Francisco,  secondary  airflow  in  their 
new  large  jet  engine  test  facility  has  been  esti¬ 
mated  as  being  almost  twice  as  high  as  was 
originally  anticipated.17  This  condition  has 
not  exceeded  cell  structural  limits  with  the 
present  engines  being  tested  (JT9D,  C?6), 

but  the  cell  performance  with  advanced  technology  engines,  which  may  reach  the  100,000  pound  thrust  category,  may  require  modi¬ 
fications.  This  not  uncommon  situation  indicates  the  need  for  close  attention  to  augmenter  design  and  more  thorough  analysis  of  the 
ejector  process. 

Secondary  air  r-ovides  the  necessary  cooling  of  the  engine  exhaust  and  prevents  recirculation.  For  a  turbojet  engine  oper¬ 
ating  out  of  afterburner  mode,  an  augmentation  ratio  of  2:1  has  been  set  as  a  reasonable  design  goal.  *13  Augmenter  performance  is 
a  function  of  the  area  ratio  of  the  augmenter  and  exhaust  nozzle,  the  length  of  the  augmenter,  the  position  of  the  exhaust  notzle  relative 
to  the  entrance  of  the  ejector  tube,  velocity  ratio,  and  other  variables.  Most  recommegd«!  test  cell  augmentation  ratios  for  fan  engines 
vary  from  0.25:1  to  0.5:1  for  high  bypass  engines  and  up  to  1:1  for  low  bypass  types. •''12'13'®'*  Appendix  A  contains  the  standard 
definitions  of  augmentation  ratio  for  turbojets  and  turbofan  jets. 

Besides  its  function  of  providing  the  means  of  mixing  and  cooling  the  engine  exhaust,  the  ejector  system  mutt  overcome 
the  various  pressure  drops  in  the  inlet  and  tire  exhaust  systems.  Figure  9  shows  the  general  pressure  pattern  within  the  test  cell.  Basically, 
momentum  is  transferred  tr.  the  secondary  air,  thereby  increasing  its  pressure. 

Studies  have  been  made  to  determine  the  mixing  characteristics  of  jet  pumps.*’7"'*®  These  indicate  that  for  each  character¬ 
istic  exhaust  and  secondary  airflow  combination  there  is  an  optimum  length  and  diameter  mixing  tube.  However,  because  of  the  cost 
of  construction  of  the  exhaust  facilities  many  trade-offs  must  be  made,  and  a  flexible  design  must  be  selected  that  will  work  reasonably 
well  over. the  range  of  engines  to  be  tested. 

A  second  method  of  cooling  the  exhaust  is  to  use  water  spray  cooling.  This  method  js  mandatory  for  engines  operating  in 
the  afteroumer  mode  but  may  be  used  in  other  modes  as  weU.  Studies  have  been  carried  out15,27  which  indicate  the  amounts  of  air, 
water,  or  both  which  are  required  to  cool  exhaust  gas  temperatures  to  acceptable  levels.  When  suitable  amounts  of  water  cooling  are 
used,  secondary  airflow  esn  become  negligible.  However,  compromises  mus,t  be  made  to  determine  the  amount  of  water  used.  At  the 
present  time,  most  of  the  water  used  in  spray  cooling  is  lost  through  the  stack.  A  vcral  locations,  including  NARF  Norti'  Island, 
fresh  water  supplies  are  at  a  premium:  availability  may  dictate  the  design  option  c  -n. 

Water  cooling  has  an  impact  on  pollution  control  and  may  in  itself  be  a  source  of  pollution.  Sulfur  dioxide  can  be  absorbed 
by  the  water.  Droplets  of  water  falling  or  condensing  on  surfaces,  e-g.  an  automobile,  can  cause  discoloration.  Smoke  particles  can  be 
entrained  in  the  water.  Humidity  of  exhaust  stream  can  influence  pollution  abatement  devices,  e.g.  electrostatic  precipitators. 

Where  water  cooling  is  necessary  and  available,  difficulties  remain  in  devising  means  whereby  the  high  temperature  jet  rare 
may  be  thoroughly  penetrated  by  water  streams.  It  is  known  13  that  even  high  pressure  water  jeU  have  little  success  penetrating  into 
the  core  ota  high  speed  flow.  Various  designs  have  oeen  developed,  including  concentric  rings,  water  spargers,  and  bounce  sprays.1"  •">" 
These  designs,  however,  have  not  been  optimized  for  facilities  required  to  test  widely  varying  engine  types. 

Matching  augmenter  characteristics  to  individual  engines  will  be  difficult,  particularly  where  low  augmentation  ratios  are 
desired.  Variable  area  nozzles  are  common  for  afterburning  engines.  The  exhaust  from  the  fens  of  high  bypass  engines  is  at  a  relatively 
low  energy  level;  and  since  it  contains  no  pioducts  of  combustion,  separate  ducting  may  be  desirable.  The  Pegasus  engine  used  in  the 
Harrier  aircraft  requires  complex  ducting  during  test  cell  operation. 

Prevention  of  thermal  damage  to  tire  augmenter  must  be  considered.  In  the  entrainment  zone,  the  walls  are  subject  to 
radiant  hearing,  while  in  the  fully  deve  loped  mixing  zone  they  are  heated  by  convection.  Water  jackets  may  be  necessary  during  testing 
of  afterburning  or  high  turbine  inlet  temperature  engines,  particularly  if  the  selected  exhaust  treatment  system  requires  a  low  augmenta¬ 
tion  ratio. 

Acoustic  Treatment.  Noise  sources  that  must  be  treated  by  exhaust  systems  are:  turbomachinerv  generated  noise,  com¬ 
bustion noise,  turbulent  noise  generated  by  the  interaction  of  the  jet  exhaust  and  the  secondary  air,  and  the  turbulence  in  the  exhaust 
itself.  "®3  In  the  entrainment  zone  the  shear  stresses  are  high  and  the  turbulence  level  is  relatively  low,  creating  most  of  the  high  fre¬ 
quency  .iOi*e  cremating  from  the  jet.  Most  of  the  low  frequency  sounds,  those  which  contribute  strongly  to  the  overall  sound  level, 
come  from  the  portion  of  the  exhaust  beyond  the  potential  core,  the  peak  of  this  sound  is  at  a  wavelength  about  three  times  the  diameter 
of  the  jet.”  U  is  this  low  frequency  sound  that  is  most  difficult  to  attenuate.  The  higher  frequency  noise  of  machinery  isjrasily  abated 
with  standard  techniques  which  include  baffles  of  all  types,  lined  passages  am!  bends,  and  tubultr  exhaust  passages.1'"33,37 

The  properly  designed  augmenter  can  contribute  to  the  overall  reduction  of  noise;  experimental  results33  have  shown  that 
jet  noise  can  be  reduced  by  a  factor  of  5  (7db)  in  an  ejector  noise  suppressor.  It  ww  also  shown  that  the  initial  mixing  conditions  and 
the  length  of  the  injector  are  more  important  factors  in  obtaining  this  attenuation  than  the  area  ratio  of  the  tube  and  jet  or  the  position 
of  the  primary  jet  relative  to  the  ejector  inlet. 

Methods  of  breaking  up  the  continuity  of  the  jet  and  increasing  the  frequency  of  the  exhaust  noise  were  discussed  previously. 
The  utilization  of  a  colander  in  the  form  of  a  cone  or  a  cylinder  is  presently  preferred  over  other  options  in  modem  cell  designs.  It  hss 
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been  found  by  experience  that  a  hole  tire  1-1/4  in.  in  diameter  it  the  smallest  practical  sire.*®  Hales  smaller  than  this  tend  to  be 
blocked  eatily  due  to  impurities  in  cooling  water  at  well  at  particulate  matter  present  in  the  engine  exhaust.  Standard  practice  hat  been 
to  space  the  holes  uniformly  over  the  surface  of  the  colander,  with  total  hole  area  40  to  6056  in  excess  of  the  cross-sectional  area  of  the 
augmenter  tube  itself.  ■ 21 

An  exception  to  this  practice  has  been  introduced  in  some  smaller  Navy  “C”  ceils.'**  In  these  cells,  holes  were  placed  only 
in  the  lower  half  of  the  colander.  This  design  has  exhibited  a  serious  shortcoming  in  that  flow  through  the  exhaust  stack  it  very  non- 
uniform;  in  fact,  some  point*  in  the  stack  exhibit  zero  velocity.  This  causes  portions  of  the  acoustic  treatment  to  be  exposed  to  higher 
than  design  flow  rates,  thereby  shortening  useful  life  and  decreasing  o'-  rail  performance. 

Analysis  must  be  done  during  design  to  ensure  adequate  flow  conditioning  over  the  operational  range  of  the  proposed  test 
cell.  The  designer  must  ensure  that  enough  pressure  rise  will  be  obtained  to  overcome  any  flow  blockage  that  may  be  present  under  all 
operating  conditions.  See  pressure  from  e  to  i  in  Fig.  9. 

Unwanted  acoustic  energy  may  be  generated  by  obstructions  present  in  the  ejector  assembly.  These  include  spray  rings  or 
nozzles,  diffuser  rings,  and  any  other  hardware  installations.  These  obstructions  increase  the  turbulence  level  of  the  flow,  thereby 
increasing  the  noise  sources  within  the  flow.  The  merits  of  each  proposed  installation  mutt  be  weighed  according  to  the  use  intended  for 
the  individual  test  cell.  Care  must  be  taken  that  natural  frequencies  of  installed  components  are  rot  activated  by  the  driving  frequencies 
of  the  flow. 

Possible  exhaust  stack  treatments  are  as  varied  as  those  intended  for  use  in  the  inlet.  Options  include  lined  benus  «nd  pas¬ 
sages,  tubular  mufflers,  sinuous  passages,  or  straight  passages.  ,28,2°  steei  Helmholtz  resonators  have  been  investigated  by  C»:  leral 
Electric1*’  and  have  been  found  to  be  unsatisfactory  for  their  own  use;  however,  this  approach  has  been  successfully  taken  by  Aero 
Systems  Engineering. 9  Differences  are  in  the  cell  utilization  of  the  tv/o  operators  and  in  the  acoustic  characteristics  of  the  engines 
tested. 

A  primary  concern  is  to  develop  a  system  which  will  withstand  a  moderate  range  of  temperatures  and  wide  range  of  veloci¬ 
ties.  Most  installations1*’  have  been  designed  to  withstand  exhaust  stack  temperatures  in  the  45l'-550°F  range,  with  a  maximum  of 
600°.  At  one  time  NARF  North  Island  attempted  to  maintain  temperatures  below  200°  in  the  noii-aftcrbrnung  mode  by  water  cooling; 
howe'er,  it  was  impossible,  with  the  existing  water  spray  design,  to  operate  the  afterburner  and  maintain  stack  temperatures  below 
450°.  The  installed  acoustic  treatments  were  subjected  to  such  severe  thermal  shock  that  their  useful  life  was  drastically  shortened. 

Within  practical  limits  a  constant  stack  temperature  should  be  maintained  in  all  test  modes. 

Because  of  the  varied  sizes  and  characterisiics  of  engines  that  will  be  tested  in  new  construction  test  ceiis,  consideration 
should  be  given  to  the  possibility  of  providing  variable  area  exhaust  flacks.  Methods  of  accomplishing  this  vary  from  simply  blanking 
unnecessary  portions  of  the  stack  with  pre-fitted  metal  shutters  according  to  the  flow  requirements  of  the  engine  under  test  to  a  mov¬ 
able  cover  over  the  stack  opening  which  is  programmed  to  provide  optimum  flow  area  (and  available  acoustic  treatment!  for  a  given 
engine  power  level.  By  designing  the  basic  exhaust  system  to  handle  the  largest  forecast  airflow  with  the  additional  capability  of  effi¬ 
ciently  handling  much  lower  flows,  the  problem  of  test  cell  obsolescence  caused  by  advances  in  engine  technology  can  be  avoided. 

Emission  Control  Devices.  In  the  future,  major  design  effort  must  be  devoted  to  pollution  abatement  systems.  It  has  been 
established  by  Executive  Order  that  Federal  installations  comply  with  local  envj’onmental  protection  requirements.  At  the  present  time 
most  emission  requirements  which  are  applicable  to  test  facilities  deal  with  the  particulate  emissions  which  cause  visible  pollution. 

Fiture  legislation  will  limit  emission  levels  of  invisible  noxious  gases,  unburned  or  cracked  hydrocarbons,  carbon  monoxide,  oxides  of 
nitrogen,  end  sulfur  dioxide.  Studies  have  been  conducted  to  determine  exhaust  emissions  of  gas  turbine  engines;*''’’®6'91  and  although 
the  exact  emission  levels  are  not  agreed  upon,  most  figures  mutually  agree  on  an  order  of  magnitude  basis. 

The  abatement  system  chosen  for  test  ceil  oj»o ration  must  first  remove  visible  particulate  emissions.  California  legislation 
limits  the  deviation  from  a  maximum  of  20%  obscuration  (Number  1  on  the  Ringleman  scale)  to  three  minutes  out  of  every  hour. 

Except  at  idle,  gas  turbine  engines  emit  very  low  levels  of  unburned  hydrocarbons  and  CO,  so  that  attempts  to  reduce 
these  should  concentrate  on  low  flow  rate  conditions.86 

By  1975  Los  Angeles  County  will  limit  emission  of  oxides  of  nitrogen  to  225  ppm.62  New  developments  in  engine  tech, 
nology  resulting  in  high  pressure  ratios  and  high  combustion  temperatures  have  raised  the  levels  of  these  oxides  m  engine  exhausts.  1 6 
The  choice  of  abatement  system  must  at  the  very  least  ,ot  add  to  these  levels  and  ideally  should  reduce  them. 

The  installed  system  must  be  able  to  remow  unburned  fuel  from  the  exhaust  flow.  Estimates  are  that  in  the  afterburner 
mode  turbojets  exhaust  a  few  per  cent  unburned  fuel;  the  combustion  efficiency  decreases  with  increasing  altitude.  Also,  the  ability 
must  be  retained  to  purge  unwanted  fuel  from  the  exhaust  drainage  system.  Prior  to  light-off  it  is  Navy  practice  to  "dry  run"  the  engine; 
that  is,  the  engine  is  windmillej,  and  the  throttle  fully  opened  to  check  for  leaks.  This  results  in  relatively  large  amounts  of  fuel  being 
dumped  directly  into  the  exhaust  system. 

Emissions  of  sulfur  dioxide  will  not  be  a  problem  as  long  as  the  current  restrictions  on  sulfur  cor.tcrt  of  fuel  are  maintained.66 
Present  restrictions  limit  the  sulfur  content  to  0.3%,  and  most  fuels  contain  even  less.  The  economic*  of  sulfur  or... lent  in  fuel  is  discussed 
briefly  in  Ref.  65. 

Although  advances  have  bran  made  in  combustor  technology,  completely  clean  jet  engines  are  not  yet  a  reality.  NARF 
Alameda  was  recently  cited  in  violation  of  local  standards  while  testing  a  high  time  engine  configured  with  "chan"  combustor  cans. 

One  source"'’  theorizes  that  reactions  within  the  cell  exhaust  system  change  the  character  of  particulate  emissions,  either  in  size  or 
number,  so  that  visibility  obscuration  is  greater  at  the  test  cell  exhaust  stack  rhan  at  the  engine  tailpipe. 

Interim  solutions  for  reducing  smoke  involve  the  use  of  fuel  additives.  United  Air  Lines  in  San  Francisco  utilizes  CI-2  in 
their  testing.  Additives  coat  engine  hot  section  parts,  and  the  effect  of  adding  heavy  metallic  vapors  to  the  exhaust  is  under  continuing 
investigation  by  the  EPA. 

Early  studic*  of  pollution  abatement  systems  have  resulted  in  the  selection  and  development  of  a  nuclcatron  scrubber.'*" 

Other  devices  analyzed  include  filtering  devices,  venturi  scrubbers,  and  electrostatic  precipitators.  These  have  bcc-n  evaluated  as  unsat¬ 
isfactory  from  considerations  of  safety,  flexibility  and  economy  in  Ref.  77. 

Filtering  devices  alone  present  problems  because  of  their  tendency  to  become  clogged  by  particles  entrained  in  the  exhaust. 
Additionally,  they  require  extremely  low  flow  velocities  and  are  not  effective  in  removing  noxious  gases. 
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The  primary  drawback  to  the  venturi  system  is  its  inability  to  operate  efficiently  over  greater  than  a  10%  interval  away  from 
its  design  point,  wmch  is  an  unacceptable  restriction  in  light  of  the  fact  that  air  flows  vary  as  much  as  €0  to  70%  from  idle  to  full  power 
sett'ng.  A  possible  solution  to  this  would  be  the  installation  of  a  bank  of  venturis,  entailing  high  initial  costs  and  complicated  flow  con¬ 
trols. 


The  present  shortcoming  of  electrostatic  precipitators  is  the  inability  to  completely  prevent  fuel  buildup  on  and  around  the 
electrodes;  this  condition  creates  the  danger  of  an  explosive  discharge.  Also,  these  systems  cannot  remove  noxious  gases  or  oxides  of 
nitrogen.  Afterburning  engines  require  water  cooling  which  is  detrimental  to  electrostatic  precipitators. 

Nucleation  scrubbers  work  by  process  of  creating  large  particles  by  condensation  of  vapor  from  a  saturated  vapor.  The 
nucleates  are  the  particulate  matter  already  present  in  the  ei  haust.  The  enlarged  particles  are  then  removed  by  impaction  in  the  scrubbing 
system.  A  prototype  scrubber  system  developed  by  Dr.  A.  Teller  (Pat.  #3,324,630)  has  been  installed  by  the  Navy  at  NAEF  Jacksonville. 
This  particular  scrubber  lias  the  capacity  to  handle  large  changes  in  flow  volume,  can  reduce  noxious  gases  and  unburned  fuel,  and  with 
modification  can  remove  much  of  the  oxides  of  nitrogen  and  sulfur  if  such  action  is  required.  Installation  of  this  scrubber  is  also  antici¬ 
pated  at  NARF  Norfolk.  The  primary  drawback  at  present  with  the  scrubber  system  is  it*  high  initial  costs.  At  its  pre-  it  level  of  devel¬ 
opment,  this  system  is  not  considered  the  ideal  solution,  and  investigation  is  being  carried  out  in  other  areas  as  well. 

the  nucleation  scrubber  as  well  as  the  other  alternatives  discussed  are  all  similar  in  that  they  function  by  physically  removing 
particulates  and  unwanted  gases;  a  seconc.  class  cf  installations  acts  by  converting  unwanted  pollutants  to  harmless  chemical  species.  These 
include  afterburners  and  catalytic  converters. 

Northern  Research  and  Engineering  Corporation62  has  proposed  a  thermal  converter  installation  for  test  cells.  This  reference 
is  a  comprehensive  discussion  of  the  feasibility  of  such  an  installation  and  the  justification  for  Navy  procurement  in  light  of  future  require¬ 
ments  for  pollution  control.  At  the  present  time  much  work  remains  to  be  done  in  conducting  recommended  studies  and  terting.  The 
installation  of  a  converter  system  will  require  close  matching  of  lhe  test  section,  engine,  and  exhauster  itself  since  the  proposed  system 
requires  a  low  augmentation  ratio. 

The  final  selection  of  an  abatement  system  will  be  based  on  its  flexibility  and  economy.  It  must  be  able  to  operate  ovrr  a 
wide  range  of  exhaust  velocities  and  temperatures  The  initial  cost  of  procurement  and  installation  must  be  low,  as  must  be  the  cost  of 
operation  and  upkeep.  The  system  must  be  reliable  enough  to  allow  firm  scheduling  of  cell  down  time  with  the  minimum  amount  of 
unscheduled  maintenance.  An  addit'onal  factor  will  be  the  ease  with  which  the  abatement  system  may  be  retrofitted  to  existing  test  cell 
structures. 

The  creation  of  secondary  pollution  must  be  avoided.  Thermal  pollution  of  natural  v:  ,^er  supplies  is  a  real  possibility  in  sys¬ 
tems  requiring  heavy  cooling.  Also  to  be  avoided  is  the  creation  of  additional,  unwanted  noxious  gases  or  other  undesirable  product*  of 
combustion  if  an  additional  combustion  process  is  used. 

Maximum  allowable  temperatures,  pressures,  and  velocities  will  dictate  the  level  of  required ;  -otection  of  hardware  exposed 
to  the  jet  exhaust.  Because  of  the  tempc'alures  encountered  during  afterburner  runs,  it  may  become  neceiwary  to  water  cool  certain 
exposed  parts  Refractory  linings  have  been  considered  but  were  rejected  for  economic  reasons  62 

Complete  acoustic  analysis  must  be  completed  to  ensure  that  the  natural  frequencies  of  equipment  exposed  to  the  flow  not 
be  excited  by  the  frequencies  of  turbulence  generated  noise. 

Finally,  the  design  of  adjustable  components  should  be  kept  as  simple  as  possible.  Operators  arc  wary  of  too  much  gadgeiry 
in  test  cell  design.1  (-20and  cel!  down  time  increases  with  the  addition  of  mechanical  sophistication.  All  facilities  must  be  designed  to 
operate  with  the  minimum  amount  of  required  upkeep. 

V.  DEPENDENCE  OF  COMPRESSOR  FACE  DISTORTION  ON  TEST  CELL  INLET  CONFIGURATION56 
A.  Model  of  Test  Facility 


Based  on  the  background  study  discussed  in  the  previous  sections,  an  in-depth,  parametric,  experimental  investigation  was 
conducted.  It  was  apparent  that  little  information  was  available  on  the  distortion  level  at  the  engine  in  a  test  facility  as  a  function  of 
inlet  design  parameters.  The  aim  of  the  experiments  war  to  identify  the  inlet  designs  giving  the  least  distortion. 

As  shown  in  Fig.  5,  various  acoustic  baffles  may  lie  placed  in  the  inlet  flow.  To  what  degree  do  these  disrupt  the  flow  causing 
distortion?  This  is  a  typical  question  answered  by  the  experiments. 


Figure  10  shows  the  method  of  simulating  an  engine  in  a  test  facility.  The  flow  in  the  bellmouth,  which  was  pumped  by  the 
engine  exhauster,  was  adjusted  to  be  equal  to  the  flow  from  the  engine  nozzle,  which  is  labeled  "metered  compressed  air  supply"  in 

Fig.  10.  Section  VI  will  discuss  the  augmenter 
investigation.  In  addition  to  the  usual  measure¬ 
ments  of  air  temperatures,  pressures,  mass  flow 
rat-s,  etc.,  the  primary  data  were  compressor 
face  velocity  surveys  and  augmenter  velocity 
surveys.  The  compressor  face  data  were  re¬ 
verted  to  distortion  indices. 
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Figure  10  Augmented  Flow  Power  System  Layout 


Table  I  provides  tbs  inlet  configu¬ 
ration  identification  code.  There  were  5  differ¬ 
ent  inlet  arrangements,  i.e.  vertical,  horizontal, 
etc.  There  were  5  different  inlet  covers,  i.c. 
none  faired,  etc.  From  vhe  v.trious  model  com¬ 
ponents  several  thousand  different  ten  fsdlitie* 
could  be  assembled.  More  that,  <v  hundred  con¬ 
figurations  were  tested. 

The  model  components  were  con¬ 
structed  of  plexiglass  for  reasons  discussed  by 
Tower.  Figures  11, 12, 13,  and  14  show 
the  vertical  inlet  stack,  convertible  duct  bend. 
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flow  atraightener  component,  and  triple  turn  Inlet  bos  component.  Using  the  triple  turn  s  *;t  box  component,  one  can  configure  the 
A*5  inlet.  The  vertical  inlet  bos  component  is  used  for  the  A”!  iniet. 


Table  I.  inlet  Configuration  Identification  Code 


Configurs tic  n  Number:  ABCDJ3FGHU 


A.  INLET 


B.  INLET  COVER 


C.  ACOUSTICS 


D.  ACOUSTIC  POSIT. 


E. 


TURNING 

VANE 


1  vertical 

2  horizontal 

3  none 

4  vert,  w/n  stack 

5  S-tum 


none 

faired 

bi— directional 
flat  plate 
fci— dir.  sideways 


none 

flat  baffle 
staggered  baffle 
temdor 
stag.  bailie, 
crosjways 


before  turn  and 
transverse 
after  turn,  vert, 
none 

before  turn,  and 
axial 

at  inlet  entrance 


none 
one  (#3) 
four 
seven 
one  (#5) 
one  (#1) 
one  (#3)  in 
turn  2 


F.  FLOW  STRAIGHT  vNER  G.  ENGINE  BELL- 

MOUTH 

1  neither 

2  engine  w/o  bell 

3  engine  +  bell 


H.  AUGMENTATION  I.  POWER  MODE 


none 

reet.  Xsection 
screen  before  ic. 
screen  after  ac. 
both  screens 
distort  screen 
honeycomb 


1  none 

2  zero 

3  low 

4  medium 

5  high 


t/s— blower 
eng— biower 
end+aug— blower 


0.  ENGINE  POWER 
LEVEL 

1  maximum 

2  medium 

3  h.  west 


4  dual  mode 


Figures  15, 1 6.  and  17  show  the  bi-directional  inlet  cap.  faired  inlet  cap,  and  fiat  plate  inlet  cap.  From  these  components 
one  can  configure  respectively  the  B=3  or  5,  B“2,  or  8=4  iniet  covers. 


Figures  1 8  through  20  show  the  flat  baffle  acoustic  treatment,  staggered  baffle  a.' 
treatment.  The  component  of  Figure  18  provides  the  C=2  configuration,  etc. 


tu  ment,  and  tub  ilar  acoustic 


Figui  shows  the  turning  vane  assembly  for  the  E»4  configuration.  Figure  •  •  ,.\  .  the  component  used  for  the  F=7 

configuration.  Ftgut.  J3  shows  the  component  for  the  H?2  configuration,  while  Figure  24  « the  component  for  H=3, 4,  or  5. 
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Figure  11  Verticallniet  Stack. 


Figure  12  Convertible  Duct  Bond. 
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i  igure  25  shows  aswmbit  0  models  for  non  ■ 
augmented  flow  for  two  different  configurations.  Figure 
3 Iso  shows  assembled  models  but  in  this  case  for  aug¬ 
mented  flow.  Once  again  two  configurations  are  shown . 

Figure  10  identifies  a  compressor  face  vclocit 
surtev  ptane.  Hie  pr<‘ss\.fe  probes  located,  at  the  survej 
plane  are  shown  in  more  detail  sn  Figure  27.  There  were  a 
total  of  24  total  pressure  probes  with  two  static  pressure 
ports  identified  as  numbers  26  and  27. 
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Figure  23  Z<:o  Augmentation  Test  Section 
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(a)  Conrguration  2125.123211 
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<b)  Configuretion  1213.422215 
Figure  25  Assembled  McOcU.  Non-Augmeatvd  Flow. 
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8.  Results 


Ditto*  >p  •!  '  v  cct.pmwr  ace  was  characterized  by  a  distortion  index.  Table  U  Ihti  a  few  of  tins  common  indices  which , 
w  l*v  -  u>  J  by  IU-'  >  -.04.  The  indices  selected  for  this  paper  were  Kq  and  the  two  indices  devehped  by  Brunda  and  Boyto*.  *•' 

fable  fit  is  a  partial  listing  of  results.  The  configurations  are  listed  starting  with  tetft  distortion  and  protesting  to  worst 
configurations.  This  is  only  a  nsrtUI  fisting;  the  fine  res  ted  reader  should  obtain  T'  tve.  's  Uteris5®  from  USA  Defense  Document  Center 
for  «  complete  tilting  of  results. 

As  ooi  may  expect.  t!ie  uaconfined  belfinotiih  (configuwUcn  3113J1312?)  has  the  least  distortion.  The  horizontal  inlet 
with  Fast  baffle  aco.cfiie  treatment  (configuration  2122.11  S222)  is  next  being  very  low  sn  dutortto.t  lawsl.  The  S-tum  configurations, 

?.£.  5132:713342,  gate  ucuthfaetcey  performance. 

Based  on  the  Brunda-Boytcj  radial  and  circumferential  distortion  tndicte,  the  test  cell  eonf.guratjcr-s  were  r«Kd  satisfactory 
(SAT)  or  unetif  factory  (UNSAT). 


Table  HI  provid-s  a  guide  to  last  aril  dewgtwrt  in  regard  to  influence  on  distortion  of  venous  teat  facility  geometries  arri  the 
acoustic  treatments. 


Tahir  II  Measures  of  Distortion 
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Where  8'  =  iadial  extent  of  spoiled  sector. 
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where  Z  if  5  complrx  function  of  position  for.ntM  from  eigenvalues 
of  appropriate  momentum  equations  and  a  linear  combination  of 

Bessel  functions  of  the  first  and  second  kinds. 
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VI.  FACTORS  AFFECTING  EXHAUST  SVsfcEM  rKRFOSMAN’Cw105 


A.  Ai«ly*is^-76, 105-118 

Rased  or.  the  oschsround.  study  reported  in  Secdoos  II  to  !¥,  tt  <s  apparent  that  that;  ere  two  serious  deficiencies  in  available 
dttign  informatiori-  Find,  it  was  not  coisiWs  to  adequately  predict  augmentation  Alio  given  engine  and  test  ceil  geometry  and  the  bptra 
ting  coraftjoni  of  tnc  enjir.e  nosuc.  S.*eo>d.  the  amount  of  pressure  rise  in  the  aegmenter  could  not  be  picdictid  As  pollution  abate¬ 
ment  drrico  are  sdded  to  th*  test  finality  exhaust,  the  back  orevwre  in  creeses.  At  same  point  the  engine  ejector  action  vrii!  not  he  suf¬ 
ficient  tc  overcome  the  pressure  losws  due  to  scrubbers,  peccipjtatota,  or  other  pollution  control  devices.  Tha  work  reported  in  this  sec¬ 
tion  partially  lutfilis  the  need  for  this  dctigr-'XJormatios. 

A  one-diaeraicnal  mode)  was  formulated  for  file  geometry  thovm  in  Figure  30.  The  coruenstion  equation  rrc  smulla- 
neoud,  »ivsd  to  provide  a  aoluaon  for  the  static  presure  at  aiation*  land  2.  It  trej  assumed  that  Pj  »  ?%■  ThsaUtfey-aws*  at  Nation 
3  waa  green  es  an  input  quantity.  Stagnation  pressure  st  stations  1  and  2  was  Knowsig  static  and  stagnation  a*.  station  2  permits 

evaluation  of  rou*  Sow  rote. 

Tha  location  of  the  nestle  exit  plane  jebthrt  to  the  entrance  to  the  augmcnler  tube  has  aa  effect  o>;  augmentation  ratio. 

The  ihpdei  of  figure  30  cannot  predict  tiiii  dependence.  A  refined  model  was  developed  and  is  il hurried  in  Fig.  31.  Within  tbe  entrain¬ 
ment  rone  defined  m  Fig.  31 .  there  are  three  fiow  reruns.  The  potential  core  hat  a  Cat  veh-ertj  mofilc  and  » inside  the  nwhvg  layer 
or  shear  layei.  The  velocity  profile  within  the  shear  layer  was  described  hv  an  error  function.  In  the  ecnaUr  tptse  bettseen  the 

shesr  layer  and  tbe  aagmenter  tube,  e  urifom  velocity  profile  was  assumed.  The  argument  of  (he  error  function  re  rj«.-x'y  wbesc  x  snd 
y  &e  defined  in  Fig  Si.  Tbt  jet  spread  parameter,  -7,  wac evaluated  using  Ahramo-ich’i  rnodt-r''’^*®  which  is  o  =  24  a 

dependence  on  x  is  introduced  with  the  model  of  Fig.  31.  For  the  model  of  Fig.  31 ,  the  fUt-error-functioa-flat  profile  pcpScv*  tlir  Cat 
tij  cal  Oj  profile;  of  Fig.  30.  The  conservation  equations  are  solved  once  again.  The  analyst,  has  been  fcrvtuty  sten^sd  ’me,  for  cent- 
P&ts  details  tee  Bailey'*  therit.*®5 


Table  IlL 
DATA  SUMMARY 

ORDERED  3Y  DISTORTION  LEVEL 


CONFIG 

NUMBER 

• 

H 

ENG 

VEL 

RADIAL 

DISTORT, 

CIRCUH. 

DISTORT. 

K 

D 

AUG. 

RATIO 

3113.113122 

3.6?  1 

132.692 

0.0003- 

SAT 

0.3396 

SAT 

0.2617 

0.  3 

2122.113222 

0.658 

101.755 

0.0009 

SAT 

9.0396 

SAT 

0.2661 

0.-0 

1222.112222 

0.669 

103.435 

0.0014 

SAT 

0. 0396 

SAT 

0.4508 

0.0 

1131.413223 

0.519 

8C.297 

0.0009 

SAT 

0.0397 

SAT 

0.2304 

0.0 

1421 .413223 

0.559 

80.191 

0.0011 

SAT 

0.0397 

SAT 

0.1933 

0.0 

1221.413222 

0.679 

134.966 

0.0009 

SAT 

0.0397 

SAT 

0.4455 

0.0 

’421.413142 

0.511 

79.058 

0.0021 

SAT 

0.0397 

SAT 

0.  2415 

0.0 

1331.413222 

0.674 

104.124 

-0.0007 

SAT 

0.0397 

SAT 

0.7611 

0.0 

1432.113223 

0.321 

30.516 

0.3014 

SAT 

0.0397 

SAT 

0.2839 

3.0 

1122.112222 

0.665 

102.840 

0.0006 

SAT 

0.0397 

SAT 

0.6558 

0.0 

1231.413222 

0.677 

104.620 

0.0009 

SAT 

0.0397 

SAT 

0.6090 

c.o 

1113.413222 

0.651 

106.646 

0.0012 

SAT 

0.0397 

SAT 

0.4010 

0.0 

1121.413222 

0.080 

105.098 

0.0016 

SAT 

0. 0397 

SAT 

0.5731 

0.0 

1432.413223 

a.  51 9 

83.237 

0.0011 

SAT 

0.0397 

SAT 

0.2605 

0.0 

1513.113222 

0.660 

102.011 

0.0014 

SAT 

0.0397 

SAT 

0.  8318 

0.0 

1252.113222 

u.  660 

102.035 

0.0010 

SAT 

0.0398 

SAT 

0.5323 

0.0 

1132.413222 

0.662 

102.366 

0.0022 

SAT 

0.0427 

SAT 

0.7981 

0.0 

1232.113223 

0.526 

81.275 

0.0013 

£  AT 

0.0428 

SAT 

0.5152 

0,0 

1213.113223 

0.523 

80.814 

C.0017 

SAT 

0.0428 

SAT 

0.2303 

0.0 

1131.313222 

0.666 

103.011 

0.3023 

SAT 

0.0428 

SAT 

0.5638 

9.0 

1213.313222 

0.676 

104.564 

0.0021 

SAT 

0.0423 

SAT 

0. 7643 

0.0 

1413.313222 

0.670 

43.497 

0.0025 

SAT 

0.0428 

SAT 

0.7493 

o.o 

1131.413222 

0.675 

104.380 

0.0012 

SAT 

0.0426UNSAT 

0.5851 

0.0 

1131.213222 

0.665 

102.824 

0.0013 

SAT 

0. C' 23UNSAT 

0.6107 

0.0 

1421.313222 

9.662 

102.262 

0.0023 

SAT 

0.0428UNSAT 

0.7317 

0.0 

1332.113222 

0.670 

103.533 

0.0027 

SAT 

0.0428UNSAT 

1.1801 

0.0 

1432..313'22 

0.663 

102.476 

0.0034 

SAT 

0. 0428UNSAT 

0.5861 

0.0 

1121.313222 

0.672 

103.800 

0.0036 

SAT 

0  .0428UNSAT 

0.7S79 

0.0 

1152.113222 

0.660 

102.017 

0.0012 

SAT 

0.0428UNSAT 

0.7284 

0.0 

1431.413222 

0.672 

103.867 

0.0015 

SAT 

0. 0428UNS AT 

0.56C.2 

0.0 

1321.413222 

0.676 

IQ4.553 

0.0020 

SAT 

0.0428UNSAT 

0.7551 

0.0 

1432.113222 

0.666 

102.801 

0.0024 

SAT 

0.  042SUNSAT 

0.6691 

0.0 

5132.713342 

0.477 

73.793 

0.3043UNSAT 

0  .0428UNS AT 

0.6498 

3.493 

1213.113222 

0.664 

102.559 

0.0005 

SAT 

0. 0420UNSAT 

0. 7936 

0.0 

1113.213111 

0.669 

103.373 

0.0017 

SAT 

0.0428UNSAT 

0.4761 

G.O 

1213.213222 

0.6  72 

103.857 

0.00X7 

SAT 

Q.0426UNSAT 

0.882S 

0.0 

1213.413142 

0.511 

79.051 

0.0019 

SAT 

0-  0428UNSAT 

0.7996 

0.0 

1352.112333 

0.656 

101.413 

9.9022 

SAT 

0.0428UN5 AT 

0.6823 

0.0 

1113.113222' 

0.659 

101.860 

0.0007 

SAT 

0.0428UNSAT 

0.9248 

a,  o 

Ltfl  b 


Table  III.  Continued 


CONFIG 

ENG 

RADIAL 

CISCUM. 

K 

AUG. 

NUMBER 

A 

Vet- 

DISTORT, 

DISTORT . 

0 

RATIO 

1441.513222 

0.598 

92.463 

0.0014  SAT 

0.0436UNSAT 

1.9607 

0.0 

1431.213543 

0.439 

67.919 

0.0036  SAT 

0.G436UHSAT 

1.5928 

4.593 

1513.413543 

0.478 

73.945 

0.0042UNSAT 

0.0436UNSAT 

1.7761 

2.761 

1332.113542 

0.465 

71.940 

C.0044UNSAT 

0.0436UNSAT 

1.4225 

3.001 

1227..  313542 

3.  461 

71.367 

3.0355UNSAT 

0.3437UNSAT 

1.4443 

3.120 

1441.113142 

0.486 

75.162 

0.0034  SAT 

0.0437UNSAT 

2.2344 

0.0 

1X21. 113342 

0.493 

76.2i9 

0. 0048UNSAT 

0.0437UNSAT 

1.S473 

1.197 

1221. 313342 

3.442 

76.086 

0.0032  SAT 

0.0438UNSAT 

1.6497 

1.417 

5134.213442 

0.367 

56.812 

0.0054UNSAT 

0.0439UNSAT 

1.5316 

3.  V 

1221. 113342 

3.491 

76.016 

0.  0040UNSAT 

0.0441 UNSAT 

1.9822 

l.zOl 

1321.413543 

0.483 

74.749 

0.0040UNSAT 

0.0441UNSAT 

2.6631 

4.  125 

1313.313342 

0.458 

70.041 

0.005SUNSAT 

0.0442UNSAT 

1.3368 

5.887 

1421..  413543 

3.469 

72.583 

0.0027  SAT 

3.044.iuNSAT 

1.8047 

4.251 

513?.  ..413542 

0.371 

57.484 

0.0046UNSAT 

0.0444UNSAT 

1.0127 

6.376 

1132. 113542 

0.477 

73.851 

0. 0043UNSAT 

0.0448UNSAT 

2.0010 

2.994 

1222.113542 

0.480 

74.599 

0.0075UNSAT 

0.04SJUNSAT 

3.4913 

2.871 

5124.413442 

0.395 

61.407 

0. 0047UNSAT 

0. 0453UNSAT 

2.3919 

3.770 

1213.113543 

3. Sil 

■>9.355 

3.0G67UNSAT 

0.04S6UNSAT 

6.3772 

3.542 

1122.113542 

0.473 

73.467 

0.0049UNSAT 

0.0473UNSAT 

5.9342 

2.871 

1131.213543 

0.463 

72.185 

0. 0056UNSAT 

0.0479UNSAT 

7.1440 

4.374 

5124.513442 

0.373 

58.359 

0.0069UNSAT 

0.0483UNSAT 

5.1863 

3.  647 

1331.213543 

0.461 

71.769 

0.0032  SAT 

0.04E4UNSAT 

7.8237 

3.761 

1131.213442 

3.478 

74.592 

0.0058UNSAT 

0.0488UNSAT 

7.2430 

3.419 

— -A  a  i 

— i?  V  J 


(7j  Prmitf  Air  |(r|<M  Ec*s*st) 
0  $«c«UV;  A*r 


Confining  Putt  (Augmenter  Tub*) 


hf*r  Duct 
(Engine) 


•  Potential  Cor* 


Axis  of  Sj-nmtlry 


- Entrommtnt  Zone - 

Figure  31  Jet  Mixing  Zones. 


B.  Experimental  Apparatus 


Figure  30  Station  Derivation  snd  .ideal  Velocity  Profiles  Return  to  Fig.  10.  The  augmenter  portion  of  the  experiment 

for  Jet  Pump  Analysis.  ix  now  described.  As  in  the  ct»  of  the  distortion  experiments,  the  model 

ums  constructed  of  numerous  interchangeable  components  so  that  many 
different  configurations  could  be  tested.  Table  IV  provides  *he  configuration  code  for  the  exhaust  system.  The  augmentcr  inside  diameter 
was  3  in.  Hence  confifi&ution  A"1  provides  a  length/diameter  ratio  of  5.  Figure  32  shows  the  augmentcr  entrance  geometry.  Configura¬ 
tion  B*2  corresponds  to  the  geoawt  f  Fig.  32(b).  The  area  of  the  hdes  in  the  colander  was  varied,  and  this  provides  the  parameter 
identified  as  C  in  Table  IV.  The  spe.  -w  >  orifionsd  the  nozzle  exit  plane  relative  to  the  augmenter  tube  entrance  plane.  For  configuration 
E“3,  the  nozzle  exit  and  augraemer  en*». t,  npltnar.  For  configuration  E'4,  the  r^zzls  exit  is  1/2  in.  upstream  of  (i.e.  outside)  the 
augment**  entrance.  For  configur.tiur.  "  •'  -x  -ate  exit  plane  is  1/2  in.  inside  the  augmenter  tube. 

Figure  33(a)  shows  the  two  coUttder .  empl  >yed  in  the  experiments.  Figure  33(b)  is  a  photograph  of  a  colander  mounted  in 
the  apparatus.  Figure*  10  and  54  are  com  pan  *  that  one  is  a  sketch  and  the  other  a  photograph  of  the  dual  inode  installation. 

Figure  35aho«a  the  dazzle  and  augmenter.  i  _  '16  and  37  show  the  nozzle  and  Hs  air  supply. 
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Table  V.  Experimental  Results 


snflaiiailga 

Run 

Station 

mi 

m3 

V\ 

P 

noz 

Ucl 

(pps) 

(pps) 

D 

‘atm 

Iasi 

200.11 

1.929 

4 

0.51 

2  SO 

3.92 

2.1 

909 

200.11 

2.929 

4 

0.52 

1.61 

2.10 

2.1 

859 

200.11 

3.929 

4 

0.54 

2.34 

2.33 

2.1 

935 

2CC.11 

4.929 

4 

0.53 

2  .55. 

3.78 

2.1 

839 

200.11 

1.930 

4 

0156 

2.02 

2.64 

2.1  ^ 

869 

200.12 

2.930 

4 

0.54 

2.63 

3.87 

2.1 

970 

200.13 

3.930 

4 

0.54 

2.70 

4.01 

2.1 

936 

200.15 

4.930 

4 

C.54 

2.58 

3.82 

2.1 

873 

200.17 

5.930 

4 

0.53 

3.26 

5.12 

2.1 

746 

200.19 

6.930 

4 

0.53 

2.98 

4.60 

2.-1 

588 

210.13 

1 ,004 

4 

0.57 

2.01 

2.52 

2.1 

690 

210.13 

2.004 

4 

0.54 

1.90 

2.50 

2.1 

592 

210.13 

3.004 

4 

0.54 

2.90 

4.40 

2.1 

824 

220.15 

1.006 

1 

0.55 

2.1-j 

2.98 

2.1 

814 

220.15 

2,006 

4 

0.52 

1.11 

1.16 

2.0 

785 

220.15 

3.006 

4 

0.51 

7.88 

14.53 

2.0 

774 

220.15 

4.G06 

4 

0.50 

1.09 

1.18 

2.0 

781 

210.15 

5.006 

4 

0.52 

3.22 

5.17 

2.0 

811 

210.15 

1.009 

1 

0.56 

2.67 

3.75 

2.1 

1375 

2 

2.70, 

3.80 

1334 

3 

2.90 

4.17 

1107 

4 

2.73 

2.86 

812 

5 

3.04 

4.40 

658 

6 

2.87 

4.11 

556 

7 

2.98 

4.29 

430 

200.15 

2.C09 

4 

0.53 

3.23 

5.21 

2.05 

857 

7 

3.27 

5.17 

495 

220.15 

3.009 

7 

0.52 

1.45 

1.76 

2.05 

244 

222.15 

4.009 

4 

0.53 

2.25  - 

3.24 

2.1 

776 

7 

1.60 

2.01 

243 

210.10  ' 

1.011 

7 

0.54 

2.17 

3.03 

2.05 

432 

210.10 

2.011 

7 

0.50 

1.91 

2.34 

1.9 

445 

210.10 

3.011 

7 

0.41 

1.77 

3.28 

1.6 

344 

210.10 

4.011 

7 

0.41 

1.77 

3.29 

1.6 

349 

210.10 

5.011 

7 

0.41 

1.90 

3.63 

1.6 

331 

210.10 

1.013 

7 

0.42 

1.87 

3.41 

1.6 

346 

200.10 

2.013 

7 

0.42 

1.79 

3.30 

1.6 

334 

'220.13 

3.013 

7 

0.42 

0.81 

0.94 

1.6 

158 

220.15 

4.013 

7 

0.54 

1.26 

1.32 

2.1 

215 

210.15 

5.013 

7 

0.53 

3.38 

5.32 

2.1 

392 

200.15 

6.013 

7 

0.54 

2.39 

3.47 

2.1 

393 

200.15 

7.013 

7 

0.37 

1.54 

3.19 

1.45 

248 

200.17 

3.013 

7 

0.37 

1.62 

3.42 

1.45 

248 

200.19 

9.01? 

7 

0.36 

1.77 

3.84 

1.45 

258 

200.12 

10.013 

7 

0.36 

2.27 

5.23 

1.45 

280 

202.13 

1.015 

7 

0..13 

2.03 

4.40 

1.45 

290 

201.13 

2.015 

7 

0.37 

2.02 

4.45 

1.45 

230 

200.13 

3.015 

7 

0.22 

1.20 

4.60 

1.1$ 

169 

200.13 

4.015 

7 

0.29 

1.67 

4.8?‘ 

1.28 

232 

200.13 

5.015 

7 

0.42 

2.44 

4.33 

1.62 

352 

200.13 

6.015 

7 

0.46 

2.67 

4.86 

1.-8 

394 

200.13 

7.015 

7 

0.50 

3.03 

5.12 

1.94 

432 

pps  is  pound*  per  second. 


C.  Result* 

Table  V  summarizes  the  data  obtainfo  from  the  experimental  apparatus  discussed  In  tint  previous  section.  Run*  1.929 
through  4.929, 1.004  through  3.004, 1.00S  through  5.003,  end  1.011  through  5.011  were  conducted  with  Tower^6  to  study  the  effects 
of  changing  the  inlet  configuration.  Table  VI  correlates  run  numbers  with  configurations.  Analysis  of  the  data  indicates  two  factors 
which  affected  the  performance.  Inlet  acoustic  treatment*  in  the  fern  of  either  flat  or  staggered  baffles  cut  the  augmentation  ratio  by  a 
factor  of  1/3.  Compare  run  1.004  with  5.006.  It  is  seen  that  the  autahation  of  acoustic  trt-itments,  which  it  necessary  if  cells  are  to  con' 
form  with  local  anti-noise  ordinances,  also  helps  to  main  tan  the  augmentation  ratio  at  a  reasonable  level. 
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Figure  36  Inlet  of  Apparatus  and  Primary  Air  Piping. 


Figaro  3~  Primary  Nozzle. 


Sutton 


Figure  38  Velocity  Profile*  for  Configuration  210.15, 
P>j>j  *  2.1  atm. 


Table  VI.  Dual  Mode  Inlet  Configurations 


Run 

Augmenter  Configuration 

Inlet  Configuration 

1.929 

200.11 

1321. *13543 

2.929 

200.11 

1x13.113543 

3.929 

200dl 

1131.413543 

4.929 

200.11 

1131.213543 

1.004 

210.13 

1322.313542 

2.004 

210.13 

1122.113542 

3.004 

210.13 

5132.413542 

1.006 

220.15 

5132.713342 

2.006 

220.15 

11 21 .313342 

3.000 

220.15 

1121.213342 

4.006 

220.15 

1121.113342 

5.006 

210.15 

1313.313342 

1.011 

210.10 

J1 31 .213442 

2.011 

210.10 

5134.213442 

3.011 

210.10 

5134.513442 

4.011 

210.10 

5124.513442 

5.011 

210.10 

5124.113442 

The  second  major  factor  tliat  was  found  to  affect  test  cell 
performance  was  the  presence  of  turning  vanes.  Turning  vanes  are  nec- 

essary  in  some  installations  to  reduce  compressor  face  inlet  distortion. 
Tower56  discussed  distortion  limits  for  various  engines.  Results  indicate 
that  the  decreased  turbulence  level  obtained  when  turning  vanes  are 
installed  leads  to  a  decrease  in  total  cell  mass  flow.  This  occurs  because 
the  mixing  process  in  the  augmenter  becomes  less  effective.  Increased 
turbulence  in  either  the  secondary  or  primary  stream  causes  mixing  to 
occur  more  rapidly  as  evidenced  b,  the  centerline  velocity  decay.  Com¬ 
pare  run  I.-929  with  run  1.004. 

If  it  becomes  necessary  to  install  turning  vanes  in  a  given  test 
cell,  the  designer  may  have  to  provide  means  of  increasing  the  turbulence 
level  of  the  secondary  air  prior  to  its  entry  into  the  augmenter  or  build  a 
longer  augmenter  to  provide  distance  needed  to  achieve  complete  mixing. 

The  compressor  used  for  the  experiments  was  capable  of 
producing  a  total  pressure  in  the  nozzle  cf  up  to  2.1  atmospheres. 

Figure  38  shows  the  velocity  profiles  measured  at  various 
augmenter  stations  for  configuration  210.15  with  a  nozzle  pressure  ratio 
of  2.1  atmospheres.  Station  1  was  located  3  in.  from  the  nozzle  exit 
plane;  station  7  was  locat  'd  25  in.  from  the  nozzle  and  1  in.  from  the 
augmenter  exit  plrre.  Stations  2, 3, 4,  5,  and  6  were  7, 11, 15, 19,  and 
23  in.  respectively  from  nozzle  exit  plane.  The  profiles  were  calculated 
using  data  obtained  in  run  1.009.  The  mass  flow  rates  calculated  at  the 
various  stations  indicate  an  accuracy  of  about  10%. 

Figure  33  shows  the  rate  of  decay  of  centerline  velocities  as 
flow  progresses  in  the  augmenter.  The  velocities  shown  also  were  obtained 
from  data  of  run  1.009  and  are  normalized  to  the  centerline  velocity  at 
station  1. 

Some  configurations  yielded  unusual  velocity  profiles.  Fig¬ 
ure  40  shows  a  profile  where  the  mashnuro  velocity  occurs  at  a  point 
other  than  on  the  centerline.  Monroe75  encountered  the  same  phenome¬ 
non  and  attributed  it  to  the  presence  of  oblique  shocks  at  the  nozzle.  A 
second  factor  is  the  probable  presence  of  a  swirl  component  in  the  pri¬ 
mary  flow  as  it  leaves  the  nozzle.  The  swirl  component,  if  present,  was 
probably  caused  by  the  three'. 99°  turns  in  the  inlet  pipe  between  the 
orifice  and  the  nozzle.  It  is  recommended  that  if  further  work  is  carried 
out  with  the  experimental  apparatus,  tubular  flow  straighteners  should 
be  installed  in  the  nozzle  section. 

Experimental  results  were  in  close  agreement  with  theoretical 
predictions.  Figure  41  shows  secondary  mass  flow  as  a  function  of  pri¬ 
mary  mass  flow  for  configuration  200.13.  The  experimental  result* 
closely  match  the  theoretical  predictions  when  no  entry  loss  (ENT LOS) 
was  included.  The  predictions  which  used  an  entry  loss  factor  of  0.85 
were  less  than  the  experimental  results,  which  indicates  that  the  loss 
factor  was  too  severe. 


Experimental  results  indicated  that  the  conical  uilct  of  Fig.  32  lowered  the  augmentation  ratio  when  installed  rather  than 
improved  it.  Titc  reason  for  this  phenomenon  may  be  that  when  the  conical  inlet  was  installed,  it  had  the  effect  of  moving  the  augmenter 
inlet  away  from  the  back  wall  of  the  test  cell.  Some  turbulence  or  recirculation  exists  in  the  are*  between  the  inlet  and  the  wall.  It  is 
thought  that  the  change  produced  by  moving  the  inlet  caused  some  interference  to  occur  in  the  streamline*  into  the  augmenter  decreasing 
the  secondary  flow  rate.  The  particular  model  design  tended  to  block  the  flow  into  the  augmenter  from  the  area  behind  the  inlet. 
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Figure  45  Augmentation  Ratio  at  a  Function . 
Ag/Ai,  “  1.6  atm. 
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Figure  46  Augmentation  Ratio  as  a  Function  of  Nozzle  Displacement 
Relative  to  Augm  enter  Entrance  Plane. 
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Figure  47  Augmentation  Ratio  as  a  Function  of 

Augmenter  Back  Pressure,  P-j>^*=  1.45  atm. 


Figure  48  Augm enter  Pressure  Rise  with  Colanders  Installed. 


Figure  42  compares  experimental  and  theoretical  resulta  of  the  dependence  of  augmentation  ratio  on  nuzzle  pressure  P-j.  . 
Figure  43  shows  the  variation  of  Pj,  nozzle  exit  static  pressure,  with  Pj.  .  In  both  figures  good  agreement  between  experimental  * 
»nd  theoretical  results  is  evident.  Figure  44  compares  the  resulta  showuqt  variation  of  augmentation  ratio  with  Pj.  The  experimental 
results  agreed  with  the  trend  predicted  for  supersonic  Cow  (Pi  less  than  0.97  in  Fig.  44)  but  did  not  follow  the  predicted  trend  for  sub- 


and  theoretical  results  is  evident.  Figure  44  compares  the  resulta  showing  variation  of  augmentation  ratio  with  Pj.  The  experimental 
resulta  agreed  with  the  trend  predicted  for  supersonic  Cow  (Pi  less  than  0.97  in  Fig.  44)  but  did  not  follow  the  predicted  trend  for  sub¬ 
sonic  flow.  The  probable  cause  for  the  disagreement  is  that  the  computer  program  assumed  that  complete  mixing  occurs  at  station  3  of 
the  jet  pump  model,  while  in  the  experimental  apparatus  the  amount  of  mixing  that  had  been  accomplished  in  the  augm  enter  vrned  with 
*he  nozzle  pressure  ratio.  An  improvement  might  be  made  in  the  program  by  incorporating  the  jet  spread  parameter  into  the  analysis. 
The  present  analysis  only  used  the  jet  spread  parameter  to  indicate  the  effect  of  nozzle  position.  The  parameter  is  effectively  a  measure 
of  the  turbulence  level,  and,  as  previously  discussed,  increased  turbulnce  causes  Kgher  augmentation  ratios. 


Figure  45  shows  theoretical  predictions  of  the  dependence  of  augmentation  ratio  on  area  ratio  Ag/A  j.  Present  experiments 
have  covered  only  one  area  ratio,  so  that  further  work  is  needed  to  validate  the  computed  results. 


Figure  46  illustrates  the  variation  of  augmentation  ratio  with  nozzle  displacement.  The  scatter  of  the  data  precludes  any 
decision  as  to  the  validity  of  the  predicted  results.  More  data  need  to  be  collected  for  various  nozzle  displacements  m  subsonic  flow  situa¬ 
tions.  A  form  of  the  main  computer  program  containing  an  improved  turbulence  factor  should  improve  agreement  between  theory  and 
ex  penmen  t.  A  major  addition  needs  to  be  made  to  the  program  in  order  to  predict  augmentation  ratio  as  a  func*  n  of  nozzle  displace¬ 
ment  in  the  supersonic  flow  regime.  At  the  present  time  the  program  is  limited  to  zero-displacement  in  eases  in\  jivmg  supersonic  flow. 

It  is  thought  that  by  applying  the  method  cf  characteristics  to  the  primary  nozzle  flow,  it  will  be  possible  to  predict  exhaust  system 
performance  for  all  i*vels  of  supersonic  flow  as  nozzle  displacement  is  varied. 


The  back  pressure  against  which  the  exhaust  system  operates  greatly  affects  the  augmentation  ratio  as  seen  in  Figure  47.  in 
us  present  form  the  computer  program  is  able  tr  oredict  the  maximum  back  pressure  allowable  without  encountering  exhaust  gas  tecum- 
l&tioa.  This  is  particularly  useful  m  situations  w trere  P-j^  is  low,  such  as  an  engine  at  idle  power.  Figure  48  shows  the  pressure  rise  in  the 
sugir.cn ter  system  with  various  configurations.  » 


Experimental  results  showed  that  the  presence  of  a  colander  did  little  to  influence  the  amount  of  muting  that  occurred  in 
the  augmenter.  Figures  49  ind  50  show  nondimensional  velocity  profiles  at  station  7  ?  rious  configurations  and  nozzle  pressure  ratios. 


The  maximum  length  aupnenter  required  in  a  gives  system  may  be  calculated  with  the  jet  spread  parameter.  The  criterion 
for  miiiimum  length  should  be  that  aU  '.he  secondary  >  /  is  e  .trained  into  the  main  mixing  region  or,  in  other  words,  that  the  mixing  zone 
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Figure  49  Effect  of  Colanders  on  Non- 
Dimensional  Velocity  Profile, 
P-ji  “  1.45  atm. 


Figure  50  Effect  of  Colander  on  Non- 
Dimensional  Velocity  Profile, 
P<P  *  2.1  atm. 


Figure  51  Jet  Spread  Parameter  as  a  Function 
of  AjlAj, 


has  touched  the  augmenter  wall.  Figure  51  :hov,s  the  jet  spread  parameter  as  a 
function  Of  ues  ratio  Ag/Aj.  The  outer  boundary  of  the  mixing  zone  was 
defined  to  be  i) »  1.84,  where  n  is  the  ncndimensional  coordinate  in  the  y  direc¬ 
tion 


•To  find  the  .Minimum  augmenter  length  define  ym>T 


?max 


(1) 


(?) 


Dg  U  tiie  augmenter  diameter,  and  D  j  is  the  diameter  of  the  nozzle.  Pick  o  from 
Fig.  51  using  Ag/Aj  *-  Dg^Dj2.  Deane  as  the  required  augmenter  length 

,  .  „  g(p8-Dl>  (3) 

^nin  3.6g 


For  example,  consider  an  exhaust  system  with  an  augmenter  10  ft. 
in  diameter  in  conjunction  with  a  turbojet  engine  that  is  3  ft.  in  diameter,  oper¬ 
ating  with  a  nozzle  pressure  ratio  large  enough  for  supersonic  flow.  Figure  51 
indicates  a  value  of  a  of  about  15.5.  Equation  (3)  then  indicates  a  maximum 
augmenter  length  of  30  ft.  for  effective  mixing. 

Section  VI  summarizes  Bailey’s  thesis;1®5  the  interested  reader 
should  obtain  a  copy  of  the  thesis  which  provides  considerably  more  detail.  The 
computer  programs  and  all  equations  for  the  analysis  axe  given  in  the  thesis. 

VII.  CONCLUDING  REMARKS 

Engine  test  facilities  will  be  regulated  by  more  restrictive  environ¬ 
mental  laws  in  the  near  future.  In  spite  of  die  fact  that  the  engine  is  the  source 
of  pollution,  different  regulations  apply  to  test  facilities.  Additions  of  pollution 
abation  equipment  makes  it  necessary  to  design  the  test  facility  to- much  closer 
tolerances  in  regard  to  flow  distortion,  augmentation  ratio,  cell  depression, 
exhaust  temperatures,  and  ra»s  flow  rates.  The  ability  to  design  to  the  degree , 
of  precision  required  is  rather  primitive. 

Methods  of  control  of  emissions  are  currently  being  explored.  No 
single  method,  at  present,  appears  to  be  the  optimum.  A  variety  of  methods 
may  evolve  due  to  the  variety  o!  engine  types,  mass  flews,  exhaust  properties 
and  emission  levels. 


Flow  distortion  duo  to  pollution  abatement  devices  was  investigated 
experimentally;  emphasis  was  cn  various  acoustic  treatments.  Configurations 
yielding  minimum  distortion  to  the  engine  were  identified 

Augmentation  ratio  was  investigated  both  analytically  and  experi¬ 
mentally.  A  model  was  developed  which  predicts  augmentation  ratio;  experi¬ 
ment*  indicate  a  precirion  of  about  10%.  The  influence  on  augmentation  ratio 
of  location  of  exhaust  n~~*te  exit  plane  relative  to  augmenter  entrance  plane 
was  investigated. 


APPENDIX  A 

Equivalent  Augmentation  Ratio  for  Turbofww8 


Test  Cell  Augmentation  ratio  is  defined  a*  mj  —  n^, 

A«  Augmentation  ratio  *  — - 

where  mj  *  total  cum  flow  in  the  inlet  stack 
ma»  roan  flow  pasting  through  engine 

Bypass  ratio  for  a  turbofsm  Is  defined  *s 

ro.-m, 

“V: 

where  roc  « ina-s  flow  through  engine  core 

Cooling  air  for  a  turbojet  is  m,  —  m„.  For  a  tumyfan  ccnfotg  air  5s 
(mj  -  mc)  ♦  (me  —  mc).  if  energy  added  by  fen  U  ntsieded.  Mahlpuklkm  k*dt 
to 

sai-iUe 
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Discussion  on  i  per  14 

“Pollution  Control  of  Airport  Engine  Test  Facilities" 
presented  by  A.E.Fuhs 


hPoll:  Couid  the  authors  confirm  their  testing  of  acoustic  resonant  iinsrs  noise  attenuation  *n  test  facility  ducts 
Su.-5-  t<ners,  suitably  designed,  woyld  be  expecte  ‘  to  provide  minimum  flow  distortion  and  p.  .ssure  drop  (compared 
tO  baffles,  colanders,  etc.),  and  would  be  most  effective  in  the  “medium"  frequency  range  (say  ~  100  to  1000  Hz>. 

A.i  the:  The  case  for  acoustic  resonant  !iners  was  studied.  The  configurations  in  Table  lli  with  the  digit  “1“ 
in  the  ihl'd  position  are  appropriate  for  in  rniet  with  acoustic  rcsc-nant  liners. 


P.A.Ubby:  Could  you  comir  at  on  the  effect  of  disregard  of  the  scaling  laws  in  the  qualitative  and  quantitative 
predictions  of  a  test  cell  behaviour  based  on  small  scale  models?  Is  it  not  risky  to  depend  on  such  tests  for  an 
expensive  facility? 

A.E-Fuhs:  One  factor  carefully  studied  prior  to  the  experiments  was  scaling  laws.  Reynold’  number  was  not 
duplicated.  This  influences  viscous  effects  including  vorticity  generation,  convection,  and  decay.  However,  the 
results  of  experiment  will  be  conservative,  i.e.  a  satisfactory  design  in  subscale  will  remain  satisfactory  in  full  scxlr 
An  unsatisfactory  design  may  or  may  not  be  unsatisfactory  in  fuif  scale.  The  results  of  our  experiments  provide  a 
guide  for  selection  and  identify  cases  where  caution  is  appropriate. 

The  philosophy  of  the  tests  are  consistent  with  wind  tunnel  tests  where  possible  configurations  arc  screened. 
In  many  wind  tunnel  tests  fall  scaling  is  not  accomplished:  in  fact,  scaling  is  rarely  observed. 

Our  paper  provides  the  architect  and  engineer  with  guidance.  Additional  work  is  necessary  for  a  specific 
facility  design. 


EXHAUST  EMISSION  MEASUREMENTS  ON  THE  GE  T64-7  TURBOPROF-ENGINE 


W.  Bergt,  G.  Koppler,  G.  Meikis 

MOTOREN-  UND  TURBINEN-UNION  MONCHEN  GMBH 
Engine  Development  ord  Testing  Deportment 

At  MTU -Munich  exhoust  emission  measurements  have  been  carried  out  or  the  engine  GE  T64-7  with  the 
objective  to  determine  qualitatively  the  moss  emission  of  the  pollutants  carbonmonoxide,  unborn t  hydrocarbons  ar.b 
oxides  of  nitrogen  ot  different  power  ratings.  Although  for  aircraft  engine  application  the  operating  modes  were  just 
recently  issued  in  the  EPA  proposed  standards  for  control  -of  air  pollution,  ihe  engine  v/cs  run  through  a  13- point 
Californio  Test  Cycle  as  applicable  to  Diesel  engines  for  vehicles  up  to  6  000  lb  gross  weight.  The  numerical  eva¬ 
luation  of  the  measured  exhaust  emissions  was  carried  out  using  the  method  cf  analysis  established  for  the  above 
mentioned  test  cycle  (Ref.  1).  Tf*  measurements  were  tciten  for  three  different  types  of  feel:  JP4,  Diesel  at  20°C 
and  Diesel  ot  50AC. 

The  exhoutt  gas  sampling  using  heated  sampling  lines  and  the  analytical  system  set  up  For  the  measurements 
were  in  agreement  wife  SAE  Specifications.  The  instruments  used  in  the  analytical  system  are  shown  in  fee  following 
•■.ole: 


Component  fo  be 
r.  ensured 

Analyser 

Measuring 

Range 

Error  of 
Analysis 

Remarks 

Coibon-Monoxido 

N.D.I.R. 

Vol.  % 

Gauge  is  shifted 

(CO) 

(Moiholc  Co.) 

0-0.1 

t  1  Jo 

electrically. 

0-0.5 

+  1  % 

Error  ot  full  scale. 

Unburnt  Hydrocarbon 

F.l.D. 

Vei.  ppm 

mC6HW 

(IPM  Co.) 

0-10 

0-  10  000 

+ 1  % 

4  ranges 

Oxides  of  Nitrogen 

Chemo¬ 

Vol.  ppm 

(NO.,) 

luminescence 

0  -  2.5 

+  1  % 

9  ranges 

(Scott  Co.) 

0-  100C0 

The  results  obtained  fern  fee  exhaust  emission  meceurcments  ore  represented  in  Figures  1  to  3.  In  vhese  figures 
fee  emission  levels  of  fee  pollvtcrtii  (Vol.  ppm)  considered  are  superimposed  on  fee  lood-time-speefrun  of  the  California 
Test  Cycie.  Also  pictured  are  the  rated  emission  levels  in  gr/BHPh  relative  to  the  presumed  standards  of  If  5. 

It  van  be  seen  hem  this*  figures  feat  the  emission  levels  of  carbon  monoxide,  hydrocarbons  and  oxides  of  nitrogen 
are  well  below  the  most  sevens  emission  limits  to  be  imposed  on  Diesel  etigines  so  for.  The  lowest  values  of  emission 
fevelt  being  obtained  foe  JP4  feel.  Figure  4  shews  NO-emissions  reported  by  Pratt  and  Vfeitney  fo  fee  FT6  engine 
(Ref.  2)  and  fnr  comparison  feu  results  obtained  by  MTU-Munich  for  fee  GE  T64-7  using  Diesel  furl.  Although  fee 
rated  power  levels  of  rite  engines  ore  different  fee  measurements  show  good  enreement  and  it  cat  be  seen  that  wife 
increasing  engine  I  cod  the  nitrogen  oxide  emission  increases  substantially.  Figure  4  also  includ**  on  separate  scale  fee 
Emission  Index  of  nitrogen  oxide  as  determined  for  fee  T64-7. 
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It  It  understood  thot  the  Proposed  Emir, ion  Standards  for  operating  modes  simulating  aircraft  engine x«f*rat!on 
will  be  much  lower  in  their  numerical  values  then  the  ones  reported  simulating  Diesel  vehicles.  The  results  shown  ora 
•incouroging  in  view  of  the  fact  that  the  gas  turbine,  besides  oir  transportation,  becomes  on  increasingly  important 
energy  source  for  earth  bound  transportation  -s  well. 


Toble  of  T64-7  Characteristic  Data  for  Emission  Evaluation 


Engine 

Power  Rating 
% 

Mass  Flow 

ibi/min 

Breok  Power 

BPS 

Weighting 

Factor 

Idle 

1347 

0 

0.2 

2 

1437 

2400 

0.08 

25 

1509 

2800 

0.08 

50 

1582 

3200 

O.OB 

75 

1645 

3600 

0.08 

100 

1707 

4000 
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NO  FORMATION  IN  FUEL  RICH  FLAMES:  A  STUDY  C5P  TOE  INFLUENCE  CP 


IRE  HYDROCARBON  STRUCTURE 
K.H.  Eberius  and  Th.  Just 

DFVIR  -  Institut  fdi*  Reaktionskinetik,  Stuttgart,  Germany 

SUMMARY 

The- Tarnation  of  nitric  oxide  nremixed  propane,  ethylene  and  acetylene  f lanes  at  1  atm  has  been  measured. 
Large  overconcentrations  of  s  found  in  very  fuel  rich  flames.  The  NO  formation  in  flames  could  be 
reasonably  separated  into  classes  (a)  Zeldovich  mechanism  vdth  equilibrium  0  atom  concentration, 

(b)  Zeldovich  mechanism  vdth  the  retaining  excess  0  atom  concentration,  {c)  other  reactions  involving  radi¬ 
cals  as  CH,  C,  C2.  The  distinction  of  these  classes  can  be  made  by  studying  the  temperature  dependence  of 
the  NO  formation,  by  analysing  the  curvature  of  t  w  NO  profiles,  by  relating  the  rate  of  NO  formation  to  0 
atom  concentrations  and  by  measuring  HCN  in  some  flames.  The  analysis  of  the  temperature  dependence  of  the 
NC  formation  in  propane  flames  gave  evidence,  that  in  these  flames  with  stoichianetric  ratios  between  1.2 
and  1.4  and  temperatures  between  1850  °K  and  2400  °K,  reaction  class  (c)  is  the  rain  reaction  channel  with 
the  analytical  formulation  .for  the  NO  produced  in  these  flames  (NO)  =  0.0745  T  -  106  (dimensions  in  °K  and 
ppa).  A  comparison  of  flames  which  have  the  same  temperature  at  the  same  mixture  strength,  but  differ  ir. 
the  chemical  structure  of  the  fuel,  shows  hi©ier  NO  concentrations  for  acetylene  flames  and  somewhat 
smaller  NO  concentrations  for  methane  flames  relative  to  the  concentrations  in  propane-  flames. 

1.  INIROPUCTTON 

Detailed  investigations  of  combustion  processes  showed,  that  various  reaction  channels  contribute  to  the 
NO  formation  in  flames.  The  relative  importance  of  the  channels  depends  of  course  on  the  nature  of  the 
actual  flame.  At  high  temperatures  in  the  stoichiometric  and  fuel  lean  regime,  the  main  NO  fonnation  can 
oe  attributed  to  the  mechanism  suggested  by  Zeldovich  (1) 

0  ♦  H2  j  NO  +  n 

N  ♦  02  +  NO  ♦  0,  which  may  be  extended  by  the  reaction 
M  +  OH  *  NO  +  H. 

At  high  temperatures  it  is  convenient  and  reasonable  to  calculate  the  NO  production  using  equilibrium  con¬ 
centrations  of  the  0  atoms,  which  results  for  certain  conditions  in  a  linear  relationship  between  :&i  con¬ 
centration  and  time.  At  lower  temperatures,  however,  the  relatively  more  important,  0  atom  excess  concen¬ 
trations  near  to  the  matin  reaction  zone  should  not  be  neglected  in  the  calculations.  In  fuel  rich  flanks 
additional  reactions  as  proposed  by  Feninore  (2>; 

CH  ♦  X2  -  HCN  ♦  N 
C2  ♦  N2  ~Z  CN 

or  by  Bauer  (3)  C  ♦  N.,  -*  CN  ♦  N 

become  important. 

As  the  available  data  and  their  interpretations  of  NO  formation  in  fuel  rich  hydrocarbon  flames  were  con¬ 
tradictory,  in  a  previous  work  (4)  the  NO  formation  in  hydrocarbon-air  flames  has  beer  investigated.  The 
results  were  in  agreement  with  Fenimore’s  measurements.  The  determination  of  HCN  in  propane  flames  suppor¬ 
ted  his  suggestions.  Measurements  of  the  nonlinear  NO  profiles  in  numerous  adiabatic  hydrocarbon-air 
flames  made  it  possible  to  compute  tne  NO  formation  in  these  flames  by  using  these  data  together  with  the 
Zeldovich  mechanism  ant  G  atari  equilibrium  concentrations.  As  the  next  step,  the  present  paper  deals  vdth 
the  influence  of  the  tuperature  and  the  influence  of  the  hydrocarbon  structure  on  the  formation  of  nitric 
oxide  in  or  near  the  main  reaction  zone,  the  so -called  "preept  NO",  which  together  with  the  calculated  NO, 
assuming  Zeldovich  mechanism  and  0  atoms  at  equilibrium,  gives  the  total  NO  formed  in  the  adiabatic  flames. 

2.  EXFERg£>7TAL 

The  experimental  set-up  is  nearly  the  same  as  described  elsewhere  (4).  The  flames  were  stabilised  on  a 
Keker-type  burner  of  7  cm  diameter.  The  flow  rates  of  the  gases  were  metered  by  rotawterc  which  were  cali¬ 
brated  one  against  the  other.  The  synthetic  air  was  produced  by  feeding  the. burner  with  the  appropriate 
amounts  of  normal  air,  oxygen  and  nitrogen.  All  gases  were  of  technical  purity.  The  mixture  strength 
was  changed  by  altering  the  fuel  flow  while  the  air  flow  remained  constant.  The  cold  gas  velocities  varied 
between  43  cm/sea  and  70  cm/sec  with  respect  to  tl'e  burner  area.  Gas  samples  were  withdrawn  at  different 

heights  of  the  flames  by  a.  watercooied  quartz  probe  and  analysed  for  nitric  oxide  by  an  'AT- light  absorption 

technique.  This  technique  avoids  the  1  -densation  of  water  and  sixaws  no  interferences  wi;  1  other  components 
of  the  flame  gases.  The  sensitivity  is  etter  than  1  ppro  and  the  reproducibility  is  better  than  c  per  cent. 

The  *"*  concentrations  were  measured  between  2  and  5  cm  above  the  burner.  These  NO  profiles  were  1 inear ily 

extrapolated,  and  the  Intercept  at  the  height  of  the  main  reaction  zone,  which  is  for  most  flames  between 
1  and  10  pm  above  the  turner,  has  been  determined  nr,  the  so-called  "prompt  NO".  The  extrapolation  is 
accurate  for  mixture  strengths  neater  than  1.1,  but  somewhat  arbitrary  for  stoichiometric  and  leer,  flames 
as  the  slopes  of  these  profiles  are  relatively  large  and  not  constant  along  the  investigated  distance. 

3.  RESULTS 

Figures  1-3  show  the  "preept  NO"  as  a  function  or  mixture  strength  for  prepare-,  ethylene-  and  acetylene- 
synthetic  air  flames.  The  percentage  r  of  oxygen  in  the  synthetic  air  is  constant  along  each  profile.  The 
equivalence  ratio  \  increases  with  increasing  fuel  concentration  and  i3  defined  as  the  rat io  of  the  actual 
fuel  flow  and  the  fuel  flow,  which  would  be  needed  for  a  stoichiometric  conversion  of  the  liydrocartor  to 
HgO  and  CC2  vdth  the  actual  air  flow.  The  temperature  increases  with  increasing  oxygen  content  r.  The 
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temperatures  of  the  propane  flames  r  =  25.9  are  about  550  °K  greater  than  the  temperatures  of  the  flames 
r  -  16.9  for  example.  As  a  remarkable  result  the  propane  profiles  show  a  strong  increase  of  the  "prompt  NO" 
with  increasing  r  resp.  tenperature  at  X  =  1.  The  r  =  2 it. 6  profile  shows  a  maximum  at  X  =  1  arxi  a  less  pro¬ 
nounced  maximum  at  X  =  1.35.  In  contrast,  the  acetylene  flames  show  maxima  only  in  the  fuel  rich  regime, 
while  the  character  of  the  ethylene  flames  it:  between  that  of  propane  ani  acetylene  flares. 

<1.  DISCUSSION 

a)  INFLUENCE  OF  TiS  TEMPERATURE 

To  evaluate  the  influence  of  the  temperature  on  the  format ion  of  "prompt  NO",  the  "prompt  NO"  of  the  pro¬ 
pane  flames  has  been  plotted  as  a  function  of  temperature  for  various  mixture  strengths  (Figure  9).  These 
profiles  correspond  to  profiles  parallel  to  the  ordinate  in  Figure  1,  where  some  profiles  had  to  be  omitted 
for  clarity  of  the  diagram.  The  temperatures  of  the  flames  w ere  assumed  to  be  adiabatic  flame  temperatures 
calculated  with  the  restriction  that  no  hydrocarbons  are  present  in.  the  exhaust  gases  of  the  flames. 

As  a  striking  featt  •>.,  the  plot  sIkjws  that  the  data  points  for  X.-  1,2  up  to  X  =  1.9  and  temperatures  bet¬ 
ween  1850  OK  and  2900  CX  fit  straight  lines.  For  higher  terpsratures  and  near  stoichiometric  flames  the 
profiles  become  much  steeper.  This  behaviour  could  indicate  that  two  mechanisms  are  responsible  for  the 
formation  of  the  "prompt  NO".  In  the  fuel  rich  flames,  NO  may  be  fomsd  by  mecianisms  as  suggested  by 
Fenimore  (2),  while  in  the  stoichiometric  regime  and  at  high  temperatures  the  influence  of  0  atom  super- 
equilibrium  concentrations  bee  ernes  dominant  (3,9).  With  some  reservation,  the  relative  importance  of  such 
mechanisms  could  be  obtained  fpcsn  the  plot.  If  one  would  interprets  the  slope  of  the  profiles  as  an  acti¬ 
vation  energy  and  neg.  ect  dilution  effects  and  the  influence  of  the  temperature  on  the  flame  structure 
and  radical  concentrations,  which  is  certainly  not  correct,  the  straight  line  of  Figure  9  for  X  =  1.3 
with  the  analytical  representation  (NO)  =  0.0795  T  -  106  (dimensions  in  °K  and  ppm)  would  correspond  to  an 
activation  energy  between  12  and  16  kcal/rol,  whereas  the  steep  profiles  would  correspond  to  an  activation 
energy  of  65  kcal/nol.  This  activation  energy  is  of  the  same  magnitude  as  the  75-9  kcal/irul  activation 
energy  of  the  reaction  of  oxygen  atoms  with  nitrogen.  For  example  it  could  be  that  for  \  =  1.1  (Figure  9) 
and  small  temperatures  the  "prcnpt  NO"  is  formed  by  the  above  mentioned  mechanism,  and  above  23;>0  °K  the 
other  mechanism  becomes  active,  such  that  the  profile  represents  the  linear  addition  of  both  reaction 
paths.  This  interpretation  of  tws  reaction  mechanisms  is  supported  by  our  previous  observations  of  HCN  in 
fuel  rich  propane  flames,  and  tliat  the  assumption  of  t»  formation  in  rather  fuel  rich  flames  according  to 
channel  (b)  would  require  unreasonable  high  concentrations  of  0  atoms  (9,  '().  It  should  be  noted  that  the 
low  temperature  values  for  X  =  1.9  in  Figure  9  are  much  smaller  than  the  other  values,  which  will  be  dis¬ 
cussed  later. 

b)  XKFUTt-NCE  OF  TKS  CHEMICAL  STKUCIURE  OF  TOE  FUEL 

lb  evaluate  the  influence  of  the  hydrocarbon  structure  cn  the  formation  of  "preept  NO",  flames  have  to  be 
compared,  which  have  the  same  mixture  strength  and  the  same  tenperature,  but  differ  in  the  structure  of 
hydrocarbon.  This  conparison  is  made  ir  the  Figure::  5-7.  Figure  5  shows  the  "pronpt  NO"  of  adiabatic 
me  thane -air  flames  as  a  function  of  mixture  strength.  The  appropriate  propane  and  acetylene  flames  have 
the  same  temperature  as  the  methane  flame  at  the  same  equivalence  ratio.  A  similar  plot  is  node  for  adia¬ 
batic  propane-air  and  ethylene-air  flames,  which  give,  according  to  the  higher  adiabatic  flame  temperatures 
of  these  flames,  a  conparison  at  higher  temperature  levels.  Figure  3  shows  that  the  "prompt  NO"  formation 
in  methane  flames  is  smaller  than  in  propane  flames,  but  the  differences  are  not  very  significant .  In  the 
fuel  rich  regime,  the  NO  concentration  in  methane  flames  and  propane  flames  is  about  the  same.  Ihe  propane 
and  acetylene  flames  of  Figure  5  show  similar  concentrations  in  the  fuel  lean  regime.  At  X  -  1.3  the  ace¬ 
tylene  flame,  however,  has  produced  50  per  cent  nor.'  nitric  oxide  than  the  propane  flame.  The  same 
difference  of  50  per  cent  between  acetylene  and  prop-ne  is  shown  in  Figure  6  for  tlie  tenperature  level  of 
the  adiabatic  propane-air  flames  from  X  =  O.85  up  to  X  =  1.9.  At  X  =  1.5  the  propane  flame  shows  a  NO 
concentration  6.5  times  smaller  than  the  acetylene  flame.  F.thylene  shows  a  behaviour  similar  to  prepane, 
tut  the  NO  concentrations  in  the  fuel  lean  regime  are  smaller.  The  same  behaviour  at  higher  concentrations 
is  shewn  in  Figure  7,  where  the  tenperature  level  is  about  120  °K  higher  than  in  Figure  6. 

The  behaviour  of  methane  and  ethylene  is  somewhat  unexpected,  while  the  high  NO  concentrations  in  the 
acetylene  flames  on  the  fuel  rich  side  could  be  a  consequence  of  high  concentrations  of  C2  and  CK  radicals 
and  others  supposed  to  be  present  in  these  flames. 

It  would  fee  very  difficult  to  interpret"  these  results  in  terms  of  elementary  chemical  reactions.  Direct 
measurements  of  t!se  concentration  of  the  species  as  0,  Cii,  C,  C2,  C3  should  be  rade  in  the  main  reaction 
cone  of  flames  to  obtain  more  quantitative  information. 

c)  INFLUENCE  CF  THE  MIXTURE  ST8E2CTH  <31  THE  REACTION  M5CHANI5K 

1:  should  be  mentioned  that  the  format  ion  of  the  "prompt  NO"  in  slightly  fuel  rich  flames  takes  place  up 
to  several  centimeters  above  the  main  reaction  zone  (curved  NO  profiles)  whereas  in  richer  flames  this 
zone  reduces  to  some  nr.  and  less  (9,  8,  3).  This  behaviour  becomes  understandable  if  the  hypothesis  of  the 
two  reaction  channels  is  accepted: 

Previous  measurements  in  a  lean  acetylene-oxyger.  flame  at  0.1  atm  show  very  sharp  concentration  maxim  of 
H2  and  of  radicals  as  excited  OH  and  CH  (10).  The  measured  OH  concentration,  however,  shows  a  broad  mxinur. 
ihe  1  atom  concentration  is  about  proportional  because  of  partial  equilibriun).  In  this  particular  case 
even  a  second  nximur,  well  downstream  of  the  main  reaction  zone  was  found.  It  is  not  implausible  to  assume 
a  similar  behaviour  in  lean  to  stoichiometric  flames  at  1  atm.  Therefore,  if  superequilibrium  0  atesas  are 
responsible  for  the  "prompt  NO"  formation,  tne  formation  should  be  observable  also  at  some  distance  of 
the  train  reaction  zone.  In  fact,  this  statement  agrees  with  the jtcasurencnts  for  lean  to  slightly  fuel,  rich 
flames.  If  radicals  as  excited  Cii  are  responsible,  the  formation  should  occur  very  close  to  and  in  the 
main  reaction  zone  itself  as  in  agreement  with  measurements  in  fuel  rich  flames.  These  considerations  lead  also 
to  the  conclusion  that  the  "prerpt  NO”  is  formed  predominantly  by  radicals  as  e.g.  CH  in  fuel  rich  flames 
and  by  the  amount  of  oxygen  atoms  which  is  above  the  equilibria  in  fuel  lean  f lanes. 
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d)  ?P  a’ERCOMCEtnRft.TIOWS 

As  the  oxidation  of  N2  to  TO  is  a  relatively  slow  process,  the  actual  NO  concentrations  obtained  in  adia¬ 
batic  flames  are  usually  well  below  the  equilibrium  values  of  NO.  However,  in  fuel  rich  propane  flames  at 
1=  l.l)  and  temperatures  below  2100  °K  (r  =  21.85  to  r  =  17.25,  Figure  1),  the  measured  NO  concentrations 
are  larger  by  a  factor  or  2  to  6  than  predicted  by  calculations  based  on  the  assumption  of  thermodynamic 
equilibrium  Fenimore  also  quoted  overconcentrations  for  his  fuel  rich  ethylene  flames  (2) .  The  treasured 
values  could  eventually  be  explained  partially  by  an  error  in  the  calibration  of  the  gasfiow?,  A  small 
shift  of  the  equivalence  ratios  calculated  from  the  rotameter  readings  to  smaller  values  would  result  in 
considerable  smaller  ID  concentrations  at  the  specified  equivalence  ratio. 

Independent  of  the  degree  of  the  ID  overconcentration,  the  measured  NO  concentrations  decrease  in  a  simi¬ 
lar  manner  .as  the  calculated  equilibrium  concentrations  when  the  mixture  strength  increases.  I*-  is  some¬ 
what  surprising  that,  the  "prompt  NO"  concentration  in  fuel  rich  flames  observes  equilibrium  conditions  as 
the  "prompt  NO"  should  be  formed  by  radicals  in  large  excess  concentrations,  and  it  is  not  quite  under- 
standable,  that  these  concentrations,  hich  are  related  to  the  total  fuel  conversion  in  the  name,  should 
change  by  very  large  amounts,  when  t.  ture  ratio  increases  from  1.4  to  1.5  (Figure  1). 

As  it  is  unlikely,  that  the  NO  is  formed  by  one  3tep,  other  nitrogen  containing  hydrocarbons  have  to  be 
postulated  as  intermediate  species.  The  conversion  of  such  intermediates  to  ID  might  be  controlled  by 
rates  of  reaction,  which  are  related  to  species  concentrations  determined  by  thermal  equilibrium.  This  could 
give  an  explanation  of  the  strong  decrease  of  the  NO  concentration  in  increasingly  richer  flames.  Such  an 
intermediate  species  could  be  HCN  as  observed  in  previous  experiments  (4).  If  for  the  propane  flame  X  -  1.5, 
r  =  21.0,  the  ne£_^red  HCN  concentration  was  added  to  the  measured  NO  concentration,  the  same  value  was  ob¬ 
tained  which  is  predicted  by  the  straight  lines  of  Figure  4  (the  profile  for  X  -  1.5,  which  is  similar  to 
the  profile  for  X  -  1.4  but  shifted,  has  not  been  included  in  this  figure  because  of  clarity  of  the  drawing). 
If  the  result  could  be  observed  also  for  other  mixture  ratios  and  temperatures,  it  would  be  possible  to  pre¬ 
dict  the  sum  of  NO  and  HCN  concentration  in  fuel  rich  flames.  Use  measured  over-concentrations  of  nitrogen 
compounds  in  flames  of  the  l\iel  rich  regime  are  then  even  higher  if  not  only  the  NO  is  considered  and 
measured. 
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PROMPT  IIO”  in  ADIABATIC  P30PANE-3YHTHCTIC  AIR  FLAMES  AS  A  FUNCTION  OF 
THE  MIXTURE  STRENGTH  (r  *  PERCENTAGE  OF  OXYGEN  IN  THE  SYNTHETIC  AIR) 
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FIGURE  6:  "PROMPT  HO"  IH  ADIABATIC  PROPANE  AIR  FLAMES  AND  IN  ETHYLENE-SYNTHETIC 
AIR  RESP.  ACETYLENE-SYNTHETIC  AIR  FLAKES  FOR  WHICH  THE  TEMPERATURES 
ARE  THE  SAME  AT  THE  SAME  MIXTURE  STRENGTH 
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FIGURE  7 :  "PRCMPT  NO"  JN  ADIABATIC  ETHYLENE  AIR  FLAMES  AND  IK  PROPANE-SYNTHETIC 
AIR  RESP.  ACETYLENE-SYNTHETIC  AIR  FLAMES  FOR  WHICH  THE  TEMPERATURES 
ARE  THE  SAME  AT  THE  SAME  MIXTURE  STRENGTH 


16-8 


Discussion  on  tlx?  Paper 

NO  FORMATION  IN  FUEL  RICH  FLAMES:  A  STUDY  0?  THE  INFLUENCE  0?  THE  I{YDHOCAR&ON  STRUCTURE 

(Ifeper  16) 
presented  by 

X.  K.  Pieriu3  and  Th.  Just 

C.  T.  Bowman 

The  dependence  of  "prompt  NO1'  on  temperature,  stoichiometry  and  fuel-type  reported  in  this  paper  is  addi¬ 
tional  information  on  the  NO  formation  process  in  corawstion  of  rich  hydrocarbon  fuels.  Interpretation  of 
the  results,  however,  is  rendered  by  the  fact  that  the  extrapolation  technique  used  to  determine  "prtmpt  NO' 
resull  s  in  the  "prompt  MO”  beirg  dependent  not  only  on  the  MO  formation  rate  near  the  flame  zone,  but  also 
on  the  rate  late  in  the  flame.  This  shortcoming  aside,  it  is  clear  that  the  present  experimental  results 
are  telling  as  that  there  are  differences  in  the  NO  formation  process  in  lean  and  rich  hydrocarbon  flames. 
The  au.-hors'  interpretation  cf  what  their  data  mean  in  terms  of  the  NO  formation  mechanism  is  plausible, 
but  by  ro  Rpans  unique.  The  possibility  of  non-equilibrium  radical  concentrations  contributing  significant¬ 
ly  to  10  formation  in  rich  flames  cannot  be  ruled  out  at  this  time.  Until  measurements  of  radical  concentra¬ 
tions  and  ND  formation  rates  have  been  made,  preferably  in  low  pressure  flames  where  the  structure  of  the 
flame  zi  ne  can  be  adequately  resolved,  it  will  be  difficult  to  draw  definitive  conclusions  concerning  the 
mechanism  for  NC  formation  in  rich  hydrocarbon  flames. 

Authors 

In  fact  the  extrapolation  procedure  for  determining  the  "prompt  NO"  las  to  be  handled  with  caution. 
Particularly  in  lean  and  near  stoichiometric  flames  the  errora  may  be  considerable.  However,  in  fuel  rich 
flames,  e  g.  propane  flames  X>1.2,  the  NO  concentration  remains  nearly  constant  in  the  burnt  gas  above  1  cm 
height  abcve  the  burner  (Fig. 3  of  Rsf.ll),  thus  the  determination  of  the.  "prompt  NO"  is  very  accurate  for 
these  flames.  The  "prurpt.NO"  determined  for  the  investigated  flames  is  the  NO  formed  additionally  to  the 
NO.  which  is  firmed  assuming  equilibrium  conditions.  In  any  case  superequilibrium  concentrations  of  radi¬ 
cals  are  responsible  for  the  formation  of  the  "prompt  NO".  Whereas  in  the  fuel  lean  flames  mainly  0  atcms 
appear  to  he  responsible  for  the  "IX)  prompt"  formation,  other  radicals  have  to  be-  postulated  for  fuel  rich 
flames,  as  r.ppnopriate  0  atom  concentrations  are  unreasonably  high.  The  existence  of  radicals  other 
than  0  atom:!  is  supported  by  the  HON  concentrations  and  by  the  temperature  dependence  of  the  "prompt  NO" 
fcurd  in  fuel  rich  flames.  Which  particle-  and  which  mechanisms  contribute  to  the  "prompt  NO"  formation  is 
unknown  at  present.  The  H CN  for  example  might  be  a  precursor  of  the  NO  or  it  might  only  accompany  the  KO 
formation.  It  would  be  worthwhile  to  search  for  other  nitrogen  containing  hydrocarbons  in  fuel  rich 
flames.  We  agree  that  measurements  of  radical  concentrations  in  low  pressure  flames  should  be  made  to 
elucidate  the  NO  formation  process  in  fuel  rich  flames. 
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Les  preoccupations  li£es  au  rapport  de  1' avion  stratosphStiqca  -  t  eat  le  cas  de  Concorde 
sur  plus  de  90‘/.  d'un  t~ajet  tel  que  PARIS-NEW  YORK  -  avec  l'cnvironnement  sont  depuis 
prSs  de  10  ans  A  l'orare  du  jour  en  Grande-Bretagne  et  en  Francs;  c'est  ainsi  que  le  sous 
groupe  toddical  Concorde  a  animd  depuis  1963  des  experimentations  sur  1*  influence  des 
conditions  biologiques  du  vol  sur  l’dquipage  et  ies  passagers,  en  ce  qui  concerne  paiti- 
culidrement  le  niveau  de  radiations  cosmiques  galactiques. 


Dans  le  domaine  du  retentissemei  du.  vdhicule  stratosphdrique  sur  son  e.ivironnement,  dfes 
que  les  Conferences  de  .Williamsburg  (S.C.E.P.)  et  de  Stockholm  (S.M.I.C.)  organisSes  en 
1970  et  1971  psr  le  M.I.T.  eurent  ddveloppd  un  certain  nombre  de  recommanPntions  concer- 
nant  la  stratosphere,  1’ Aerospatiale  a  decide  de  icettre  en  ceuvre  lour  application. 

E’ le  pouvait,  ainsi  que  la  B.A.C.,  apporter  1  cette  tfiche  la  disponifcilltd  d'un  proto¬ 
type  Concorde  conme  laboratoire  volant  pour  1* exploration  de  la  stratosphere. 


L' Aerospatiale  a  done  d6fini  en  1970  et  1971  un  programme  d’etudes  thdoriques  et 
d'essais  en  vcl  avec  la  collaboration  scientifique  d'orgatiismes  europeens  (  Centre 
National  des  Etudes  Spatiales,  Commissariat  A  I'Energie  Atomique,  Office  National  d'Etides 
et  de  T.echcrche?  Adraspstiales  (ONERA),  Universite  de  Paris,  de  Rennes  et  de  Tjulouse, 
etc...>,  et  s ' uppuyont  sur  I'Institut  d’aftronomie  Spaciale  de  Belgique  en  ce  qui  concerne 
-  les  conctituants  mineurs. 

La  creation  en  Octcbre  1972  d’un  organisms  gouvernemental  interministdriel,  ie  Croupe 
d'Etudes  sur  les  consequences  des  vols  stratosphdrique  (COVOS) ,  a  perrais  d'&argir  ce  pro¬ 
gramme  inddpendant  en  harmonie  avec  les  programmes  intemationaux  de  1’dtude  de  la  stra¬ 
tosphere  (Climatic  Impact  assessment  Program  des  U.S.A.,  Committee  of  Consequences  on 
Meteorology  of  Stratospheric  Aircraft  de  Grandc-Bretagne) .  Le  groups  d'Etudes  COVOS  est 
pr6sldd  par  le  Professeur  E.A.  BRUN,  et  sa  tdche  est  de  gArer  et  d'elargir  le  programme 
- prdcddhRt, 

En  ce  qui  concerne  les  constituents  mineurs  ae  la  stratosphere,  et  les  lurces  nouvelles 
en  res  constituents  apportAes  par  les  6missions  des  f lottos  stiatosphdriques,  \e  pro¬ 
gramme  franqaia  a  about!  k  la  m?rae  logiqv.e  que  le  C.I.A.P.  en  ddter  .inant  3  phases 
principales  d'dtudes  : 

c.)  D4terrai_..atio*'  oe  profile  verticavx,  k  la  pSriode  initiale  ac“u.ile  du  vol  stratos- 
ph Sri que  pour  les  prin.Ioaux  constituents  mineurs,  A  1'aide  de  assures  au  sol,  qu 
poredes  par  ballons  ou  avions.  Pour  ces  demi&res,  le  Concorde  001  doit  roerlxe  A 
leurservice  ses  t  jssibilitds  en  altitude.  Pour  les  ballon. .  le  programme  est 
ddfini  en  liaison  avec.  le  C  N.E.S.,en  prdtmt  urie  attention  particuiidre  aux  pro¬ 
jets  que  ee  dernier  develocpe  avec  la  M6t£orologie  Nationale,  tela  que  ESSOR  et 
EPEIRE. 

b)  Determination  des  ifcics  unitaires  en  constituants  mineurs  provtnant  des  rdiu-teurs 
Olympus.,  pat  essais  ou  simulation  au  sol.  * 'estimaticn  du  'dvelcpperaent  de  le 
flotte  ct  des  principaies  .outes  aeriennes  correspondences  donne  la  source  locale 
cn  c.  .:stito-nts  mineurs.  Dos  roesures  in  situ  sur  panacne  d’dmission  d'un  Concorde 
en  vol  stratospL^ttque  soit  par  avion  suiveur  qui  pourrait  du  reste  6trs  un  autre 
Concords,  soit  po,‘  sassage  A  prcximitS  d'tsn  ou  plusieurs  ballons  formant  simple 
ou  double  heie  ont  envisages,  oais  nor.  re tenues  pour  1' instant. 

>_)  Provision  des  perturbations  dvencuelit  apportdes  par  ces  sources  s*Tatcsph6riques 
(,  b)  aux  pr.ofils  verticaux  initiaux  mssurAs  (S  a).  Cetts  forme  de  provisions 
exige  le  uSveloppement  de  it .>  31  .  sw»tv6raariques  suffisarainer.t  approchds,  notarrnen; 
dans  le  domaine  de  Is  physicvclsinie  des  const! tuant3  mineurs,  et  la  ndcessitd  de 
teoir  com — e  des  mouvcme.its,  aLwosphfcriques . 
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2.  programme  d' etudes  des  constituants  mineurs 

Les  dAveloppements  precedents  expliquent  que  I'AArospatiale  se  soit  engages  A  1* origine 
dans  les  voles  suivantes  : 

2.1  -  Dans  le  dcmaine  des  mcdAles  mathApiatiques ,  definition  d'un  module  bidimensionnel 
associant  la  clnAtique  an  transport.  Recherches  des  valeurs  numAriques  adAquates  par 
liaison  avec  1' ensemble  des  expArimentateurs . 

2.2  -  Dans  le  domaine  des  mesures  stratosphAriques,  definition  d'une  instrumentation 
qui  perinette  3  phases  de  travail  : 

2.2.1  -  Contribution  A  ‘es  profj-ls  verticaux  actuels  de  la  stratosphere  concernant 
notamment  NO,  NO^,  N^O,  NO^H,  CH*4,  CO,  03,  H2O.  Dans  la  definition  d’un  appareillage 
mesures  correspondences ,  les  techniques  par  voie  chitnique,  par  prAlAvement  in  situ,  ont 
ete  rapidement  AcartAes  pour  manque  de  sensibilitA  au  profit  des  techniques  optiques 
employees  : 

-  soit  in  situ  en  dAfinissant  des  chemins  optiques  suffisants  A  1'intArieur  de  1* avion 
pour  les  conposants  qui  resteraient  intacts  A  1* introduction  A  travers  les  Atages  du  rAac- 
teur,  qui  porte  I'air  d'admission  A  400°C,  ou  bien  k  l'exterieur  de  '.'.’avion  si  les  problA- 
mes  d'onde  de  choc  et  de  vibration  lies  au  regime  super"  nique  le  rendait  possible.  Ces 
solutions  n'ont  pas  ete  retenues  au  premier  stade; 

-  soit  par  des  mesures  de  deteccicn  A  distance  A  l’extf  jur  le  l'avion,  lesquelle3  sent 
susceptibles  de  donner  Jes  mesures  locales  par  des  mAt<-..e-  diffArentielles. 

2.2.2  -  J#es  appareillages  ainsi  dA£irtis  oourraient  ’ans  une  2Ame  phase  conduire  A  une  pre¬ 
cision  de  quelques  pour  cents  dans  une  sArie  de  mesures  systAmatiques ,  dout  Is  lisssge  per- 
mettrait  d'effacer  le  caractAre  ssisonnier.  En  relation  avec  le  module  math&natique  cinA- 
tiqua- transport  dont  il  a  AtA  question,  Is  occasion  de  perturbations  nature lies  ou  artiflciel- 
les  perasettrait  de  mesurer  des  evolutions  qui,  servant  en  quelques  sorte  de  schema  inverse 
au  mud Ale  cinetique-transport,  3utoriseraient  1  determination  globale  d'un  certain  nembre 
de  paramfetres . 

S  1 

2.2.3  -  Une  evolution  distinctc  de  1* appareillage  de  depart  doit  rapidement  conduire  A  une 
miniaturisation  permettant  son  embarqaernent  sur  cer*-ains  avions  de  ligne.  Ainsi  sera  realise 
le  eontrOle  systAmatique  des  constituants  mineurs  :  ommande  au  depart  par  les  documents  du 
MIT. 

3.  CHOIX  DES  METKODSS  DE  MESURES  OPTIQUES  PORTEES  DES  CONSTITUAOTS  MINEURS 

Le  choix  de  la  mAthode  de  mesures  JAt.erminAe  fin  1971  en  commun  avec  l’Instiiut  d'AA*or.cmie 
de  Belgique  s’est  basA  sur  les  etitkres  suivants  : 

-  sensibilitA  aux  prir.<4>3ux  constituents  mineurs 

-  rapidite  et  slmultanAIi:**  de  rA.sultats  concemant  le  plus  grand  nombre  de  constituants 
m*r.eurs 

-  compatlbllice  avec  le  vol  airien  et  les  accelerations  indurtes  sur  Concorde 

-  FacilitA  d* industrialisation  dans  un  laps  de  2  ans  pour  aboutir  h  un  materiel  simple 
de  eontrOle  de  routine. 

La  detection  dans  I'infrar  ">ige,  sans  Atre  sans  d  te  la  seuie  mAthode  possible,  apporte 
une  rAponse  favorable  A  j.£fArents  points;  er.  effet  la  plupart  des  constituants  mineurs 

ont  des  signatures  d'absor  IncividualisAes  d  ns  la  bande  de  1  fj  A  1  am;  la  methods 
parait  pouvoir  faire  face  *■  la  precision  necessai.ro,  qui  attaint  l'ordre  de  la  p.p.b.  pour 
les  oxydes  de  X' azote.  Ce  type  d'cpp.areillage  ese  adaptA  aux  vols  et  notamraent  aus  accele¬ 
rations  ir.duitss,  II  permet  l'Alaboration  de  generations  ult£x*revres  de  trAs  haute 
resolution,  et  rApondant  ainsi  au  2°  point  du  programme  (determination  globale  de  para- 
m&tres  nuadriquea  du  mo;. Ale),  aussi  bien  que  celles  d’appareils  spAcifiques  d' industriali¬ 
sation  simple  et  travaillant  dans  une  bande  de  longueur  d’onde  rAdulte  correspondent  A  la 
rAponse  d'un  constituant  ;  on  aurait  ainsi  une  -  Aportse  au  3°  point  du  programme,  qui  est 
la  definition  d* appareillage  de  eontrOle  spAcifique  A  un  constituant. 


beqo  DAconnaitse  les,  av«x..ages  des  autres  mAthodes  possibles,  la  decision  l^t  prise  fin 
1371  d’axer  la  detection  des  constituants  mineurs  sur  un  "remote  sensing*'  multiple  dans 
la  bande  de  1' Lnfrarouge . 
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En  fonction  des  reseources  instrumentales  "detection  infrarouge"  en  France,  de  1* experience 
acquise  en  vol,  notcaaent  sur  Caravelle,  et  en  compldmentaritd  avec  le  programme  britannique; 
li  a  paru  opportun  dans  la  premiere  phase  des  experimentations  Concorde  (campagne  1973  du 
prototype  001)  de  coabiner  les  differences  possibil.  cds  techniques  en  rduniasant  des  rdsul- 
tats  spectrotndtriques  dans  le  domains  proche  et  dans  le  domaine  lointain.  Le  domains  proche 
(vibration  rotation)  «st  le  champ  des  experimentations  de  l’ONERA  (Dr  GIRARD)  et  ausiu  du 
IPL  (Jet  Propulsion  Laboratory)  (Dr  FARMER)  ave'~  qui  la  France  fflt  raise  en  relation  par 
l 1 interaddiaire  du  CLAP,  Ces  appareillages  fonctionnent  done  par  absorption  our  visde 
solaire. 

Le  doraaine  de  l’infrarougc  lointain  (rotation  pure)  est  le  chain  des  experimentations  de 
l'Observatoire  de  Maudon  (Dr  LEHA  et  Dr  MARTEN)  et  du  National  Physical  Laboratory  (Docteurs 
STONE,  HARRIES  et  BECKMAN).  La  technique  utiliste  est  l'dmissvon  du  fond  de  ciel  puisque 
le  seleil  n'est  pas  un  dmetteur  dans  cette  bande  (Emission  Umitde  A  0,6y{/  ), 

La  decision  d'iraplanter  3ur  Concorde  001,  aussi  simultandment  qu'il  dtait  compatible  afin 
d' avoir  des  results ts,  comparables,  les  appareillages  prdeddents,  ftlt  prise  en  y  ajoutant 
un  fluxmAtre  de  1' ultraviolet  rdalisd  A  Verr\i.A.:es  par  1'dquipe  du  Pr  BLAMDNT  et  du  Dr  CHANIN; 
ce  fluxmAtre  penoet.  dans  chaque  bande  de  longueur  d' or.de  de  connaitre  l'dnergie  luraineust 
disponible,  et  da  remanter  eux  sources  photochinJ ques  des  constituants  miraurs. 

Nous  Jdcrirons  done  trAs  soomairement  les  difldrento  appareils  implantds  avant  de  passer 
aux  problAmes  lids  A  1' implantation  A  bord  et  au  programme  des  mesures. 

4.  DEFINITION  SOMHAIRE  DES  APPAREILLAGES  EMJBARQUES 

4.1  -  Reppelcns  briAvement  les  grandes  -s-apen  techniques  auxquelles  correspondent  les  ap¬ 
pareillages  retenus  : 

-  spectomAtre  A  fence  ou  le  pouvoir  de  collection  et  d'dnergie  lumineuse  est  proportion- 
nelle  A  la  largeuir  de  fente  A  laquelle  la  resolution  est  done  inversemer.t  proportion- 
nelle 

-  spectroraAtre  a  grille, de  principe  uerablable  au  precedent, mais  ou  le  ddcoupage  d’une 
mince  plage  de  longueur  d',mde  se  fait  par  rdflexion  sur  une  grille  adaptde 

-  inter fdrcroAtre  qul,  A  la  difference  des  prdeddents .  travaille  sur  toutes  les  longueurs 
d'onde  (effet  multiplex).  En  function  d'un  ddplacement  gdometrique  eontinu  (chariot “niroii^ 
on  enrichit  progr essivement  le  spectre  sur  toute  la  plage  de  longueur  d' or.de  et  on  dispose 
pour  cela  d'un  grand  pouvoir  de  collection  et  d’une  grande  resolution  soui  un  cncombrement 
rdduit . 

4.2  -  Inter f dr omAtxe  du  J  P  L 

C'ect  un  interfdroraAtre  de  FOURRIER  A  grande  rapiditd,  construxt  sur  l'idde  initiale  de 
P,  CONNES  travaillaut  dans  la  bande  de  1,2  U,  A  5,5  p  (1.800  A  8.000  cm-1).  Le  spectra 
entier  est  ainsi  balayd  dans  un  temp3  de  2  A*3'.  La  resolution  est  de  0,25  cm-!. 

L'appareil,  embaratabie  sur  satellite  et  navette  spatiale,  a  fait  ses  preuves  dans  l'dtude 
de  la  pollution;  ii  a,  aux  altitudes  Concorde,  une  sensibilitd  de  qutlques  p.p.b.  (10“9)  aux 
espAces  suivantes  :  CO,  CO^  N20,  NO,  NO  2  SO2,  O3,  H2O  et  les  hydrocarbures  infdrieurs. 
I)  est  adaptable  A  un  certain  noabre  d'av.tres  constituants  mineurs. 

L'interfdromAtre,  contrOid  par  une  source  monoebromatique  (Laser  Helium-Neon  c32S.A°)  pen-?.' 
un  balayage  par  sauts  A  vitesse  non  constante  pour  tenir  compte  des  perturbations  inevita¬ 
bles  au  cours  des  vols  stratosphdriques. 

Une  ccrtaine  reduction  du  poids  et  d'ancombremer  .  de  I’appareillage  associd,  qui  comprend 
4  racks,  a  dtd  rdal'sde  facilement  pour  I’embarquement  sur  Concorde. 

4.3  -  SpectromAtre  infrarouge  A  g-ille  de  l'ONERA 

L'ONERA  o  dtudid  et  realisd  sur  cor.trat  D,R.M.E.  napuis  plusieurs  anndes  un  spertrociAtre 
d'absarT-t^nr  A  grande  luesinooitd  qui,  associd  A  un  pointeur  solaire  uttlisd  sur  fusde  sonc-e, 
rdpend  au  problAnse  prdeddent  et  J.'c  prouvd  sur  des  vols  "Caravelle'*  rdalisds  dans  le  2Ame 
saoestra  de  1972.  II  s’aglt  d'un  spectroraAtre  infrsrouge  A  grille  dont  Its  specifications 
techniques  ddcoulent  du  tableau  suivant  : 
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!-  domain p,  spectral  d' utilisation  ! 

!  .1.1  1 

!  1/  du  speetromAtre  seul  4000  era  A  700  era  ! 

!  21  du  spectreraAtre  a«soci£  A  une  optique  d'entrAe  i 

!  en  fiu^rine  *  4'’.,'>  cm~l  A  1250  cm"*  ! 

j*  liait.e  de  resolution  spectrcle  0,15/0,08  cm"!  | 

!-  enregistremenc  des  spectres  sur  enregistreur  magnAtique  analogique  ! 

pofds  r  150  kg  j 

!-  dimensions  :  150  x  40  x  60  cm  (hors  tout,  hAliostat  inclus)  ! 

i  i 

j-  consotnmation  Alectrique  :  voisine  de  500  watts  } 

*  > 

!-  precisions  de  pointage  exigee  (par  rapport  au  soleil  par  le  travers  :  -  5°)  ! 

*  t 

—  "  r  ~  1  o 

La  viterse  de  balayage  de  L.2  cm"’*’  par  seconde  implique  que  1* analyse  d’un  intervalle 
spdcLfique  tel  que  1350  cm  /1250  cm”*-  (e'est-A-dire  7,4 U  ,8  fj  )  r,e  passe  en  un  peu 
plus  de  4';  l'intdrfit  d’une  telle  i  mde  est  de  contenir  des  zones  d'absorFtion  trAs  inten¬ 
ses  de  CH",  HO,  NO^H,  SO2,  at  N20,  ainsi  qu'une  bande  assez  forte  de  HC  HO.  Par  ailleurs 

la  bande  du  methane  de  1306  cm-*  ^st  bien  connue  de  l'ONERA  et  l'Atalonhage  des  spectres 

atmcsphAriques  dans  cette  region  eh  est  grandement  faeilitAe. 

La  strategic  des  visAes  solalres  implique  que  le  trajet  optique  dans  1' atmosphere  devant 
fibre  le  plus  grand  possible,  on  prendra  le  soleil  bas  sur  l'horizon  (entre  +  10*  et  -  2°). 
Une  visAe  A  elevation  plus  grande  se  fere  pour  la  connaissance  du  spectre  solaire  lci-meme. 

4.4  -  InterfAroffiAtro  de  l'Univers.itA  de  Meadon. 

II  s’agit  rf'un  spcctromAtre  qui.  travaille  dans  1* infrarouge  loir.tain  dans  la  bande  40  A 
200  cm“l;  il  utilise  les  techniques  de  la  spactroscople  de  FOURIER  sur  un  interfAromAtre 
de  MICHELSON,  dont  la  modulation  de  phase  est  crAAe  par  un  miroir  second air e  vibrant.  L' ins¬ 
trument  a  volS  aur  Caravelle  expArimentsle  du  Centre  d'Essais  en  V*n  dc  drAtigny  (Jul‘  >et 
1972),  en  cravaillant  en  Amission  plutOc  qu'en  absorption.  Le  procAdA  perwet  des  mesures  de 
-nuit,  ce  qui  est  fort  ir.tAressant  pour  la  phofochitnie  atmosphArique. 

La  course  maximum  du  miroir  de  MICHELSON  est  de  40  ram  done  la  resolution  r.hAorique  est 
de  0,067  cm” variant  en  fait  entre  0,2  et  0,07.  Cheque  pas  du  mouvement  de  miroir  a  une 
longueur  de  20  p  .  La  lauie  de  mylar  qui  crAe  les  interferences  a  une  Apaisseur  variant  de 
20  A  50  p  .  L'elAment  de  detection  est  un  boloraAtre A germanium  dopA  (Infrared  lab,  Tucson, 
Arizona)1 travaillanc  A  2°  K*  par  refroidissement  A  1'nAlium  liquide.  Les  interferogransnes , 
qui  reprAsentent  la  transformAe  de  FOURIER  des  4 changes  d'Anergie  entre  la  stratosphere  et 
l’appareil  expAriirental,  sont  enregistrAs  raagnAti^jeraent,  puis  ddpouillds  A  terre. 

Le  systArae  r.e  presents  pas  d' interference  avec  le  systAme  eiectrique  A  bord.  L’appareil 
entier  est  monte  sur  un  dispositif  antivibratoire  de  coupure  7  Hz. 

spectres  obte.ius  sur  Carayelle  A  39.000  pie^s  moritrent  le  plus  netteroent  ies  lignes 
rotation  de  H^O,  les  triplets  de  1*02  at  les  branches  principales  de  1' ozone.  Le  mise 
en  evidence  de  CO,  NO,  etc...  parair  possible  dans  les  conditions  d'altitude. 


Une  simulation  faice  dans  ur.e  chambre  au  sol  sur  source  corps  noir  a  montu  qu'aucune  des 
lignes  falbles  n*6tait  des  "Artifacts"  expSrimentaux. 

4.5  -  L'appareil  du  N  P  L. 

Cet  appareil  est  un  interfAromAtre  A  tyansformAe  de  FOURIER  travaillant,  dans  la  lioite  de 
la  zone  d * infrirouge  lcintain  (400  cm*-*-  A  10  cm"  ^-),  dans  une  zone  33  caT^  A  5  cm"*  limitro¬ 
phe  des  ondes  csicromAtriquesf  les  raesur«s  se  placent  done  en  bonne  position  d.a  coopiomis 
entre  la  haute  precision  requisa  en  intrfirouge  et  la  compiexitA  des  installationi  microsaA- 
triques.  Cet  appareillage  est  celui  qui  a  et6  monte  sur  COMET  du  " 'E  et  sur  le  Concorde  002 
•Jorant  son  pAriple  en  ExtrCvre-Orient  de  Juin  1972  par  HARRIES  et  .nS  collaborateurs . 

Le  principe  du  fonctionneroent  de  cc*  appareil  esc  proche  du  precedent;  le  rayonnement  pene¬ 
trant  A  travars  le  hublot  (:t i  renvoyA  en  partie  par  un  miroir  A  45’,  l’autre  partie  4 tent 
non  dAviA#.  Apr As  reflexions  sur  2  mlroirs  A  90°  dont  l’un  mobile,  le  faisce^v  est 
reccnatituA  sur  un  dAtecteur  A  l’antimoniure  d’indlum  refroidi  A  2°  K  A  I’heiium  liquide; 

x  Le  bolemetre  a  pour  atout  une  grande  detectivity  preoque  constante  dans  touts  la  gacue 
des  longueurs  d’onde. 


c'est  la  detection  qui  eat  dlffdrente  de  celle  de  l'appareil  de  Meudon.  La  resolution 
ainai  maxiraale  eat  volsine  de  0,05  cm"*. 

Durant  sa  tournde  en  ExtrAme-Orient,  cet  appareil  serable  avoir  fourni  des  inc ications  au 
moins  qualitatives  sur  des  rales  lides  a  N0X,  HNO3,  SO2.  Das  essais  de  profils  traces 
en  fonction  *  la  latitude  ont  dtd  tentda. 

4.6  -  FluxmAtre  du 'CNR5  (Service  d'Adrononiie)  . 

II  sert  &  une  mesure  de  flux  solaire  ultraviolet  proche  et  visible  durant  les  vols  Concorde. 
II  mesure  les  variations  de  quantitds  totales  d* ozone  (bande  d' absorption  de  HARTLEY)  et 
d * oxyg&ne  (bande  de  SCHUMANN  RUNGS). 

Le  photomAtre  est  placd  derriAre  un  hublot  en  fluorine  transmettant  A  lOOfc  entre  3.200  et 
7.000  A4.  L'angle  de  vlsde  est  de  +  4°  par  tapport  A  la  norrcale  horizontals.  L'angle  d’dld- 
vation  solaire  est  de  +  10°  A  -  2°.  Le  champ  du  photomAtre  est  de  20°.  Le  photomAtre  se 
ddcompose  en  : 

*  un  ensemble  de  ddtection  photodiodes 

-  un  ensemble  de  mesure  dlectromStre  et  alimentation 

-  un  enregistrement  megndtique. 

3.  PROBLEMES  LIES  A  L' IMPLANTATION  SUR  L' AVION  CONCORDE  001 

Ces  problAmes  lids  A  1* implantation  sur  1' avion  des  instrumentations  ddfinics  au  S  4  se 
situent  au  niveau  : 

-  des  vibrations  et  des  accdldration3 

-  de  la  disponibilitd  gdomdtrique  dans  un  avion  chargd  de  dispositifs  de  contrOle  opdration- 

nel  de  performances  T. 

-  du  poids  saehant  que  sur  une  trajectoire  normale  supersonique  de  1  h.  une  surcharge  de 
300  Kgs  reprdsente  1  minute  de  vol 

-  de  1* alimentation  dlectrique  et  des  servitudes  du  personnel  en  fonction  des  2  lignes 
prdcddentes 

-  des  ouvertures  externes  dans  des  materiaux  parfois  peu  usuels,  choisis  en  fonction  de 
ieur  transparence  infrarouge  et  qui  auront  A  travailler  au  voisinage  de  100°C 

-  des  visdes  £  y  a  lieu  et  des  trajectoires  associ Aea. 

5.1  -  En  ce  qui  concerne  les  vibrations  et  accelerations,  les  conditions  suivantes  corres¬ 
pondent  A  l'avicm  Atant  A  retenir,  les  conditions  verticales  sont  de  0,3  g  au  roulage,  et 
en  vol  normalement  infArieures  A  0,1  g. 

5.2  -  Les  nAcessitAs  des  mesures  cpArationneiles  normtle'  suf r  .sent  A  remplir  l'appareil, 
qui  pat  aillaurs  se  prAsente  consae  lAgArement  dissyrcAtrique  :  le  cSblage  dlectrique  des 
mesures  empruntant  prAfAre  ltiell^men*.  le  cfltA  droit.  L'ample'ir  des  noyens  environnement  A" 
raettre  en  oeuvre  aussi  bien  que  les  nAcessitAs  de  visAes  ont  done  conduit  A  consacrer  unc 
pAriode  de  piusieurs  setnaines  vols  rnvironneraent  prevus  en  Mai  et  Juin  1973.  Un  chantier 
occupant  le  mois  d'Avril  1973  permettra  de  placer  les  appareillages  dont  les  maquettes  ont 
fait  l’objet  d'une  presentation  fin  1972, 

5.3  -  Poids 

Le  seul  appareillage  de  poids  vrainent  important  est  le  banc  du  J  P  L,  de  poids  900  kg.  dont 
l'amarra^e  sur  rail  pose  des  problAmes.  L'enseuble  de  1'Aquiperoent  "Atudes  de  I'environne- 
nsent"  correspond  A  un  devis  poids  de  2  A  j  tonnes  A  comparer  avec  le  devis  de  poids  de  12 
tonnes  correspondent  aux  essais  opGrationnels  de  routine  de  l'avion. 

5.4  -  Compte  tenu  des  astreintes  correspondent  A  la  gdo^dtrie  et  au  poids  2  appareils  se 
rAvAlent  incoapattbles  et  se  substituent  1  tu  A  —  autr c . 

-  appareillage  ONERA  (configuration  1) 

-  appareillage  J  P  L  (configure tit ”  2) 

Cha»---.  >e  des  configurer. ions  se  complacent  des  2  apparels  :  Meudon  et  du  photomAtre ,  la 
tf  -  ;ration  1  seule  se  complAte  du  spectromAtre  N  ?  L. 
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Les  vols  "environnement"  sont  actueilement  pr6vus,  comptc  tcnu  d »s  n4cessit£s  da  planning 
d'essais  op6rationnels  de  l'avion,  r6partis  en  2  phases  couvrant  chacune  une  configuration 
pr4c4dente  dorant  les  mois  de  Mai  et  Juin.  Ils  nficessiteront  jane  optiraisation  de  certains 
param&tres  de  vis4e  solaire,  k  savoir  : 

-  se  nsintenir  dans  le  champ  de  vis£e  du  pointeur  sdaire  k  ~  14°  de  la  perpendiculaire 
k  la  trajectoire  de  l'avion  (condition  d'azimut) 

-  avoir  une  strangle  d'414vation  qui  donne  une  grande  exploration  au  profil  vertical 
en  const! tuants  raineurs  et  done  plage  d'416vation  maximale 

-  se  maintenir  &  la  plus  haute  altitude  constante  compatible  avec  les  conditions  opdration- 
nelles  de  l'avion,  qui  est  obligA  de  conserver  une  certaine  marge  vis-a-vis  des  accidents 
de  temperature,  done  de  portance 

-  bien  ct..ndu,  tehir  cospte  de  toutes  les  sujdtions  op4rationnelles  n6cessairesau  vol  k 
cette  altitude,  et  notamment  en  ce  qui  concerne  l'autonomie,  la  dur6e  du  vol  et  les 
exigences  du  vol  supersonique .  Des  trajectoires  possibles  correspondent  A  la  pSriodc  de 
vol  sont  de  partir  par  des  triangles  dont  l'nn  des  cfit4s  de  prfes  de  1.000  km  va  du  cap 
FinistSre  (Espagne)  au  large  du  Finist&re  (France) . 

CONCLUSIONS 

La  campagne  d'6tudes  sur  la  stratosphere  par  experiences  embarqu£es  sur  le  Concorde  001  est 
un  t4moignage  de  l'int4rfit  extreme  port6  par  l'A4rospatiale, sous  le  contrOIe  du  COVOS,  aux 
probl^mes  de  l 'environnement;  en  particulier  le  problems  de  la  source  nouvelie  en  oxvde  de 
l’azote  et  du  carbone  li4e  aux  Emissions  de  la  flotte  stratosphfirique,  m4rif.e  toute  l'at- 
tention  en  cant  que  perturbation  apport4e  k  des  4quilibres  naturels  d41icats  dont  il  s'agit 
d'abord  de  mieux  cerner  la  connaissance.  Si  elles  devaient  exister,  les  consequences  4ven- 
tuelles  de  ces  perturbations  seraient  progressives  et  non  brutales,  reversibles  et  non  per- 
manentes.  On  conqoit  facilement  comment  un  processus  de  contrOle  continu,  4tendu  4  des 
avions  de  ligne,  permet  de  conforter  la  thdorie  qui  ne  pr4voit  aucun  effet  avant  des  flottes 
ou  les  vdhicules  stratos‘ph£riques  se  compteraient  par  dizaines  de  milliers. 

Par  ailleurs  les  prototypes  Concorde  pourront  apporter  une  iraportante  contribution  k  la 
science  de  la  stratosphere,  et  ce  n'est  que  juste  retour  des  choses  puisque  cette  region 
de  1' atmosphere  devieridra  le  support  du  transport  a£rien  k  longue  distance  :  il  ne  s'agit 
pas  14  seuleroent  du  transport  supersonique,  mais  du  transport  subsonique,  puisque  les  gros . 
porteurs  k  Mach  41ev4  sillonneront  de  plus  en  plus  la  stratosphere,  a  l'exemple  des  avions 
classiques  actueilement  sur  les  lignes  polaires  ou  la  tropopause  descend  au-dessous  de  9  km. 
Actueilement  le  traflc  roilitaire  et  civil  en  zone  stratosph4rique  correspond  A  celui  de  la 
flotte  Concorde  vers  1980.  Qui  peut  parler  d'un  effet  d£celable  ? 

S|f.  :  R.A.  SCHINDLER  (JPL)  "APPLIED  OPTICS"  (1970)  vol  9  p.301 

J.P.  BALUTEAU  &  BUSSOLETTI  (OBSERVATOIRE  DE  MEUDON)  "NATURE"  (a  parattre) 

J.E.  HARRIES,  N.R.  SWANN,  J.E.  BECKMAN,  P.A.  ADE  (NPL  &  Queen  Mary  College)  "NATURE" 
(^72)  vol  236  p.159 

NASA  SP  285  -  REMOTE  MEASUREMENT  Or  POLLUTION 
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Discussion  on  Piper  17 

“Mesures  dcs  constituents  mineurs  dans  la  stratosphere  par  Concorde  001” 
presented  by  RJoatton 


N.A.Chigier:  For  measurements  made  in  the  wake  of  the  Concorde  It  is  preferable  to  make  traverses  with  a  follow¬ 
ing  aircraft  across  the  path  of  the  vortex,  rather  than  parallel  to  the  vortex.  By  rapidly  crossing  the  vortex,  samples 
can  be  taken  without  causing  serious  disturbance  to  the  probe  aircraft.  When  using  balloons,  if  the  balloons  are  at 
a  lower  density  than  the  atmospheric  environment,  the  balloons  will  centrifuge  towards  the  central  core  of  the 
vortex  arid  allow  measurements  to  be  made  in  the  high  concentration  region  of  the  vortex.  Helium  balloons  have 
been  used  to_measure  axial  velocities  in  the  core  of  trailing  vortices. 

RJoatton:  Nous  avons  effectivement  songe  a  utiliser  des  haies  de  ballons.  En  ce  qui  concerne  l’dchantillonnage  par 
avion  d'3Ccompagnement,  on  peut  penser  que  si  ceiui-ci  cruise  le  sillage  de  l’avion  dtudid,  ou  suit  ce  siliage,  Popd  ration 
cst  ddlicate  parce  qu'dle  prdsente  deux  risques:  trop  pres  de  1’dmission  dans  le  sillage,  des  risques  adronautiques, 
trop  loin  de  1’dmission,  des  risques  que  ia  diffusion,  qui  est  rapide,  ait  dispeisd  le  sillage,  et  que  les  rdsultats  ne 
soient  plus  reprdsentatifs. 

N.A.Chigier:  I  am  surprised  at  your  statement  of  rapid  diffusion  over  1  km.  Vortex  wakes  can  peisist  for  distances 
from  30  krn  to  possibly  100  km  in  the  highly  stable  conditions  of  the  stratosphere  After  break  up,  vortex  rings  are 
formed  which  again  persist  for  long  periods  of  time  with  low  rales  of  diffusion. 

RJoatton:  J’ai  dit  seulemer.t  que  la  diffusion,  lorsqu’elle  joue  seule,  inddpendamment  de  la  dynamique  du  sillage, 
peut  donner  une  dispersion  de  prds  de  1  km  en  1  minute  (Sdminaire  COVOS,  Paris  —  Mars  1973). 
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Soot  appearing  in  gus  turbine  exhaust  products  originates  within  the  primary  flare.  This  paper 
summarizes  nodal  combustor  experiments  in  which  soot  formation  wa3  measured  in  a  reacting  kerosine/air 
flane  of  uniform  composition.  Operating  conditions  ore  6  to  21  bar  and  equivalence  ratio  0.3  to  1.8. 

Chemical  equilibrium  was  not  attained  for  equivalence  ratios  ouch  above  unity.  The  available  oxygen 
reacted  initially  with  a  portion  of  the  fuel,  the  remainder  appearing  as  pyrolysis  product.  The  total 
amount  of  this  material,  including  soot,  wus  roughly  dependent  on  equivalence  ratio,  independent  of  other 
variables.  The  fraction  fully  degraded  to  soot  increased  sharply  on  raising  pressure  from  6  to  1*  bar. 
There  was  a  well  defined  threshold  of  soot  formation  at  equivalence  ratio  1.3  to  1./-  in  preaixed  flaae3. 
Soot  was  observe?  at  weaker  conditions  than  this  in  spray  flames  and  the  formation  rate  rose  to  approxi¬ 
mately  10  per  cent  of  the  input  oarbon  at  equivalence  ratio  1.8. 


1.  INTRODUCTION 

Soot  is  an  unwanted  constituent  of  gas  turbine  combustion  products,  legislation. against  pollution 
by  aircraft  engine  exhaust  may  require  the  adoption  of  SAP,  smoko  number  20*  as  a  maximum  tolorablo 
value'1 >.  The  source  of  soot  is  within  the  primary  flame  and  the  problem  of  eliminating  its  emission  from 
the  engine  has  two  main  aspects:  the  mechanism  of  formation  at  primary  operating  equivalence  ratio  levels 
of  1.0  and  higher,  and  the  processes  of  consumption  or  biimou*  rhon  the  flane  gases  are  diluted  to  roduce 
equivalence  ratio  to  0.2  to  0.3: 

The  present  paper  is  concerusd  only  with  the  first  of  these  steps. 

Apart  from  the  pollution  aspect,  the  presence  .C  soot  in  the  flame  is  disadvantageous  in  the  gas 
turbine  because  it  raises  flame  emotivity;  this  increases  heat  transfer  from  the  ges  to  the  chamber  walls 
and  accentuates  the  mechanical  problems  of  protecting  them  from  overheating.  The  heat  transfer  behaviour 
has  been  shown  to  be  amenable  to  mathematical  prediction  at  the  chamber  design  stage  but  development  and 
use  of  the  techniques  for  this  ire  hampered  by  lack  of  basic  data  on  tho  radiation  properties  of  flame 
gases.  Experimental  work  ur,dc>  taJ.cn  at  KITE  to  supply  this  data  has  included  measurements  of  flame  gas 
composition  and  soot  burden.  It  is  from  this  data  that  the  nucleus  of  tho  present  paper  is  derived. 

2.  EXPERIMENTAL  nOHK 

Early  work  with  very  small  high  pressure  flames 

'Soot  formation  at  high  pressure  was  first  investigated  in  _  iriments  with  very  small  premixed 
flaaeo'2).  In  this  work  the  combustion  chamber  was  a  1.5  cm  dia  quart:  tube,  5  cm  long,  op  n  at  the  upper 
end,  with  reactant  mixture  supplied  through  a  tube  matrix  in  tho  base.  Fuels  were  vaporised  pure 
compounds  (hexane  and  other  6  carbon  atom  hydrocarbons). 

At  pressures  above  n  bar,  high  concentrations  of  soot  were  produced  at  equivalence  ratios  richer 
than  a  threshold  of  approx  l.p.  The  chemical  and  physical  properties  of  the  soot  wore  dipendent  on 
equivalence  ratio:  at  values  near  tho  tnreshold  tho  notorial  was  dry  and  powdery;  eloctron  microscopy 
showed  that  the  ultimate  particles  were  vainly  in  tho  size  range  1JJ  to  250  Angstrom  units,  but  acre 
present  on  the  collecting  grids  in  large  aggregations.  Ultimate  analysis  of  those  dry  powdery  soots 
indicated  a  significant  hydrogen  content  (empirical  formula  approximately  CH0,t).  The  tarry  socts  formed 
in  richer,  cooler,  preaixed. flames  had  higher  hydrogen  contents  (up  tc  CH0.SS)  and  examination  by  disper¬ 
sive  UV  absorption  analysis'*-)  showed  that  polycyclic  carbon  compounds,  ranging  from  naphthalene  to 
coronene,  were  present  in  significant  amounts.  Additional  organic  material,  including  methane  and  other 
light  hydrocarbons, was  found  to  be  present  in  product  gases  from  which  the  soot  was  filtered. 

The  encouraging  broad,  conclusion  drawn  from  tho  work  was  that  soot-f:ce  flames  could  be  achieved 
at  high  pressure  (20  bar)  in  a  range  of  equivalence  ratios  stove  1.0  -  ic  richer  than  tho  average  value 
in  a  typical  primary  flamo  zone. 

The  flames  in  ihs  tiny  burner  could  however  scarcely  be  claimed  to  approach  the  simulation  of 
engine  operating  conditions.  „-nr.sequently,  t^diati on  stidiia  with  a  lorgtr  scalp  model  primary. zone  gave 
an  opportunity  to  follow  up  the  soot  investigation. 

*  Tentative  correlation:-  Smoke  r.utfcer  20  equivalent  to  1./  (s/litre 
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Model  primary  ;one  chariber 

The  chamber  design  (Figure  l)  is  described  in  detail  olsewhoreO).  It  is  intended  to  provide,  for 
experimental  study,  a  streaa  of  reacting  gas  which  is  substantially  uniform  in  all  respects*  Individual 
control  of  all  operating  parameters  is  available  so  that  conditions  occurring  locally  in  stratified  engine 
operational  flaoe  zones  can  be  simulated  at  will. 

Physically  the  chamber  is  a  7.6  cm  internal  diameter  refractory  lined  tube  fitted  with  a  water 
cooled  pressure  shell  and  a  pressuro  naintaining  valvo  at  the  outlet  end.  The  flame  is  stabilized  in  a 
short  torroidal  recirculation  zone  and  nay  be  fed  with  atooized  liquid  fuel  (spinning  disc  atoaizor)  or 
with  vaporized  keroslne  added  upstream  of  the  annular  air  injection  Jot  to  give  fully  pronixed  operation. 

Gas  analysis  traverses  shoved  that  equivalence  ratio  was  substantially  uniform  in  n  plane  7  ca 
downstream  of  the  air  inlet  plane.  windows  for  radiation  measurements  nero  fitted  at  this  point,  and  a 
fixed  single  point  saapling  probe  iaaodiately  doimatiraa  was  used  for  soot  snaple  collection  and  routine 
sampling  for  chronatography. 

Tno  aia  of  the  chacbor  design  wes  to  simu’ate  conditions  occurring  locally  in.  operational  flames. 

In  practice,  limits  wore  imposed  by  the  air  and  fuou  preparation  fasilitios.  '"*'e  maximum  chacbor  operat¬ 
ing  pressure  was  21  bar.  ilaxinua  fuel  flow  was  approximately  2.5  g/s  (above  the  spinning  disc  atom- 

iser  perfomed  unsatisfactorily).  These  values  imposed  a  limit  of  approximately  21  g/s  of  combustion  air 
at  a  maximum  equivalence  ratio  of  1.8.  To  give  comparable  flow  conditions  throughout  the  tost  series 
(both  spray  and  preaixed)  a  standard  air  flow  rate  of  1  g/s/bor  was  therefore  adopted.  Test3  were  ,>er- 

formad  at  four  pressure  levels  (6,  11,  16  and  21  bar)  and  equivalence  ratio  was  varied  between  0.8  end 

1.8  $  at  eacc  level.  The  maximum  available  air  inlet  teaporaturo  cf  250°C  was  used  throughout* 

Kean  residence  time  of  the  reactant  nixture  in  tho  fiane  .one  was  in  the  range  30  to  40  os. 

The  standard  air  flow  rate  of  1  g/s/bor  was  of  necessity  rather  small.  There  was  in  consequence  a 

disproportionately  high  percentage  heat  loss  from  the  flame  (12  to  17  par  cent).  This  represents  a  defect 
in  simulating  operational  flames  -  possibly  a  serious  one.  With  this  in  mind,  a  series  of  tests  with 
higher  air  flows  (7  g/s/bar)  was  planned  using  a  larger  high  pressure  air  supply.  The  spinning  disc  is 
replaced  ir.  the  new  system  by  an  ocoustic  atomizer  W  which  givos  fine  atomization  (estimated:-  I03S  than 
10  micrometres  mass  median  diameter  for  the  conditions  used).  At  the  time  of  writing,  only  one  s?t  of 
measurements  -  for  soot  formation  at  6  bar  -  is  available.  This  data  is  entered  in  Figure  2b. 

3.  TiST  K2SULTS 

Details  of  gas  composition  ir.  terms  of  its  carbon  content  are  summarized  in  Figures  2  to  5«  The 
'formation  rotio’  parameters  plotted  represent  curbon  in  tho  measured  constituent  expressed  as  a  fraction 
of  the  total  carbon  in  the  sample  -  ie  as  a  fraction  of  tho*  original  fuel  carbon. 

Figures  2a  and  2fc  give  soot  formation  ratio  for  premixed  ar.j  spray  flames  respectively.  For  compari¬ 
son,  results  from  tho  early  prenixed  n  hexane/air  tests  above  ar  indicated  on  2a,  while  the  results  of  the 
later  acoustic  atomizer  test  series  are  entered  on  2b. 

The  notable  differences  oetween  i.reaixed  and  spr,/  flames  are  that  the  latter  r.  )  more  heavily  soot 
forming  and  significant  scot  is  observed  at  11  to  21  bar  in  the  -in go  of  equivalence  ratio  1.0  to  1.4. 

As  in  the  very  small  scale  tests,  the  nature  of  tho  soot  varied  frozi  intensely  olack  dry  povders  at 
the  weaker  equivalence  ratios  to  tarry  materials  at  richer  conditions.  Volatile  organic  material  in  the 
gas  passing  the  scot  filter  pad  ..;s  measured,  without  separation  of  individual  compounds,  as  part  cf  the 
routine  chi  '■tography'5),  (The  method  used  hero  is  a  direct  measurement  by  means  of  o,  flame  ionization 
detector, ) 

The  sum  of  soot  and  organic  compounds  in  a  sanplo,  classified  as  "tote’  unoxidized  carbon",  is 
plotted  against  equivalence  ratio,  for  all  tests,  in  Figure  3,  while  Figures  ^  and  5  show  the  remaining 
carbon,  present  as  CO  and  C02. 

4.  Discussion 

Oxygen  availability 

If  tho  products  of  combustion  of  a  mixture  of  korosirss  and  air  remain  in  contact  for  a  sufficiently 
long  tine  the  various  reactions  reach  a  balanced  chemical  ocuilibrium.  if  tuorenffrir  the  operating  condi¬ 
tions  (tampon  uro  and  pressure)  remain  steady,  the  composition  of  th«  croi.ucts  undrrgoe;  n?  further 
change.  ?igu>e  6  shows  sene  relevant  details  of  equilibrium  compoiii*on  for  a  wid>  range  of  equivalence 
ratio.  It  is  immediately  apparent  that. concentrations  of  free  carbon  and  unoxidizei  hydrocarbon  are  so 
low  as  to  be  cf  no  significance  for  equivalence  ratio  less  than  3»0  -  carbon  atoms  are  cozbined  wit*; 
oxygon  in  either  CO  or  C0a  molecules.  The  model  primary  zone  equivalence  ratio  range  is  well  below  .this 
(0.8  to  1,8)  and  ona  critical  problem  is  thereforo  simply  to  explain  the  presence  of  the  ujjcxidizod  con¬ 
stituents  (a>ot  end  hydrocarbon?)  in  product  gas. 

Free  cn 'bon,  carry  hydrocarbons  and  indeed  low  :  ular ^weight  hydrocarbons  can  all  be  formed  when 

a  hydroearhen  mixture  like  karosine  is  pyrolysed  (  -  ue  dsitmet ,vely  in  tho  absence  of  oxygen).,  Ths 

observed  facts  may  thus  be  explained  as  follows: 

"The  initial  steps  in  combustion  of  rich  mixtures  Involve  consumption  of  oil  araiiablo  oxygen  by 
only  a  fraction  of  the  fuel  molecules.  The  process  is  accompanied  ’y  high  rates  of  hoot  release  and  tho 
remaining  unoxidized  hydro  car  cons  say  to  pyrojysed  in  the  hot  environment.  The  products  of  pyrolysis  «ro 
determined  by  local  temperature,  pressure  and  residence  time  -  the  end  preduez  being  free  corbur.,  the  Vasia 


of  scot.  Reactions  which  redistribute  t  3  oxygen  are  alow  so  that  in  practice  rasiderco  times  typically 
available  in  a  flame  are  too  short  to  achieve  complete  conversion  to  equilibrium  products." 

The  mechanism  of  the  initial  oxygen  depletion  can  be  attributed  to  tho  formation,  at  an  early  point 
in  the  combustion  process,  of  excess  oxygen  atoms'"/,  fast  reactions  such  os:- 

0  ♦  Ha  OH  +  K 

H  +  03  CH  ♦  0 

give  a  similar  available  excess  of  OH  radicals  which  in  turn  favours  the  removal  of  ’intermediate* 
combustion  products: 

CO  +  01:  C02  *  H 

OH  +  Ha  K  +  Hs0 

Tho  result  can  be  tne  foi-cation  of  C02  a.  d  Ha0  in  oxcess  of  tho  appropriate  equilibrium  concentrations 
(figuro  4)  with  an  inevitable  complementary  depletion  of  available  oxygen. 

Total  unoxidised  material 

Measurements  of  the  total  unoxidised  material  aro  plotted  in  figure  3*  There  i3  an  uncomfortably 
wide  scatter  (as  might  perhaps  be  expected  oT  chemical  measurements  made  on  reacting  flame  gases).  Some 
useful  comments  may  however  be  at.de:- 

The  general  impression  given  is  that  there  is  a  dependence  on  equivalence  ratio  alone  -  not  on 
pressure  or  on  method  of  fuel/air  mixture  preparation. 

The  data  from  tho  6  bar  tests,  both  spray  and  preaixed,  fit  the  common  curve  quite  well  although 
there  is  virtually  r.o  soot  at  this  pressure. 

These  observations  suggest  that  the  graph  gives  a  rough  guide  to  the  availability  of  .otal 
unoxidized  material  and  hence  to  a  "soot'  formation  potential". 

The  curve  rises  very  sharply  at  high  equivalence  ratio  and  this  featuro  emphasizes  the  importance 
of  mixing  in  operational  flome3.  A  volume  element  of  flame  gas  will  retain  a  high  soot  formation  potential 
until  it  becomes  diluted  with  air  ho  an  equivalence  ratio  no  or  stoichiometric. 

Soot 

Soot  formation  at  6  bar  is  comparatively  slight  for  both  premixod  and  spray  flames  (figure  2). 
Unoxidized  material  is  present  in  the  flnmGs  but  only  a  sr/11  fraction  of  is  is  degraded  to  free  carbon. 
Moreover  in  spray  flames  there  is  little  difference  in  soot  forming  tendency  between  the  Ig/soc/bar  spin¬ 
ning  disc  system  and  the  7g/ sec/bar  acoustic  atomizer  arrangement.  It  would  apooar  tnerefore,  that  there 
ie  a  marked  ona  fundamental  stop  incroase  in  soot  forming  tendency  when  operating  pressure  is  increased 
from  6  to  11  bar. 

At  11  bar  and  higher  pressures,  much  stronger  soot  forming  tendencies  are  observed  and  there  are 
notable  dif foresees  between  premixed  end  spray  flames. 

In  preaixed  frames,  there  is  a  quite  cloru-ly  marked  threshold  of  soot  formation  at  equivalence  ratio 
1.4  to  1.5*  This  was  observed  first  in  the  early  n-bexane  tests  and  subsequently  in  tho  model  primary  zone 
tests  with  premixed  kerosino  vapour  (Figure  2a).  It  seen?  probable  therefore  that  this  t’jreshold  value  is 
also  fixed  by  fundamental  properties  of  the  system:  temperature,  pressure  and  roncontrai-zons  of  chemical 
species.  It  follows  that  in  operational  chambers  the  possibility  of  completely  eliminating  soot  may  always 
exist.  Kean  operational  primary  zone  equivalence  ratio  is  near  to  1,0;  if  therefore  mixing  processes  can 
be  made  so  efficient  and  rapid  ns  to  produce  a  substantially  uniform  mixture  of  fuel  vapour  and  air  before  - 
reactions  begin,  the  threshold  will  never  be  exceeded. 

This  desirable  end  however  ie  very  difficult  to  achieve,  as  is  shown  by  a  consideration  cf  the 
kerosino  spray  flame  data  (Figure  ?).  Spray  flame  conditions  are  optimized  in- the  modol  primary  zout,,ibo 
spray  itself,  forced  by  the  spinning  disc  atomizer  technique,  was  ’none-sized1  (50  micrometre  droplets'^'}. 
The  high  initial  velocity  of  the  droplets  together  wfth  the  very  strong  recirculation,  were  expected  to 
give  very  rapid  evaporation  and  mixing.  In  sp-.lVv  cf  tats  however  at  prossures  of  10  bar  and  higher  soot 
is  f<*"  .ud  heavily  in  a  range  of  equivalence  ratio  ' extending  to  weaker  values  than  th<*  preaixed  soot  forma¬ 
tion  thresholds  "In  the  equivalence  ratio  raiga  be'iw  1.0,  virtually  all  of  the  uno  dined  material  is 
carbonized  -  ino  Tull  soot  fbrmaziun  potential  is  ”tsed. 

From  these  facts  it  would  appear  therefore  t...  the  droplet  evaporation  and  mixing  processes  are 
not  rapid  and  efficient  enough,  and  shore  is  a  residual  small  scale  non-uniformity  of  mixture  strength 
present  in  the  gases. 

To  appreciate  the  mechanic u  of  this  enhanced  soot  formation  process,  the  ruacting  gas  can  be 
considered  as  a  matrix  of  small  element;!  reaps.  Some  aro  fur' -rich,  represent  .uv  the  remnants  of 
evaporated  droplets,  but  intimately  interleaved  with  these  a,u  l.i.ner  and  hotter  .*caes.  Heat  transfer 
from  hot  to  rich  zones  will  accclorato  carbonization  of  the  unoxidized  matoriau  x  the  ,  <  tter  giving  the 
ooservod  high  rates  of  soot  formation. 


5. 


CONCLUSIONS 


f  6  f?r?atlon  1'-ave  be«n  «ade  on  product  gases  from  a  model  combustion  chamber 
as  a  Pfiaary  *one  at  high  pressure  (up  to  21  bar)  and  burning  kerosine  aaray  or  premixed 
kerosine  vapour/air  mixtures.  The  observations  are  summarized  and  interpreted  as  follows 

The  ?*£“  3toichlo“tri=  flames,  all  oxygon  is  initially  consumed  by  a  portion  of  the  fuel. 

b^tad^th^is^  t  /““To  pyXolt'3a^  s00t  zmtV°r  othor  organic  products  before  the  oxygen  is  redistri¬ 
buted  in  the  final  (soot-free)  chemical  equilibrium  composition.  reu.s.n 

eauivalenoe^Sio1/^”-,^18  “eohanioa  *f»ea  soot  In  mixtures  richer  than  a  threshold  value  of 
mired  hnt  Knl-41?  1,4  *  l,*5*  *“  8pra£  flaa8s  the  omount  of  total  unoxidized  material  is  similar  to  pre¬ 
mixed  but  tnere  is  generally  a  core  efficient  conversion  to  soot.  In  particular  there  is  sisrifiennt'^ort 

h^thatical1uq*iValenC?irati?8  1635  *?““  thS  (precixel)  toeshoIi  value.  This  behaviour  is  attributed 
hypothetically  »o  «  small  scale  non-uniformity  of  equivalence  ratio,  remnant  of  the  o-iginal  scrav  cloud 
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Discussion  on  I’? per  18 

“Soot  Formation  in  Rich  Kerosene  Flames  at  High  Pressure” 
presented  by  F.H.Holdemess 


G.Kappler:  Since  you  have  used  a  model  combustion  chamber  with  a  cooled  jacket,  I  wonder  if  your  results  are 
representative  for  actual  combustors  with  hot  wails.  Our  experiments  clearly  show  that  soot  forms  often  on  cold 
walls  and  is  carried  out  by  the  gas  streams.  With  hoiter  walls  soot  formation  strongly  decreases  and  no  carbon  or 
soot  deposit  can  be  observed  on  the  walls.  Can  you,  please,  comment  on  this. 

F.H.Holdcn>ess:  In  the  experiments  described  in  the  paper,  the  cooled  metal  shell  of  the  combustor  was  fitted  for 
safety  reasons.  The  shell  was  however  lined  with  a  0.5  in  thickness  of  ceramic  to  minimize  heat  loss  from  the  flame 
The  inner  surface  of  this  liner,  which  formed  the  boundary  of  the  combustion  space,  attained  a  steady  high  temper¬ 
ature  (e.g.  660°C  measured  with  gas  temperature  at  axis  =  1280°C). 

Gas  was  sampled  for  soot  measurements  at  the  axis  of  the  chamber,  only  one  diameter  downstream  of  the  fuel 
injection  plane.  There  was  thus  little  doubt  that  the  »oot  was  generated  within  the  reaction  zone,  away  from  the 
walls. 

A.QuiKvfrd.  Nous  somm.’s,  a  la  SNFCMA,  tres  interessSs  par  les  rccherches  faites  par  Irs  auteurs  qui  donnen!  des 
results ts  trfs  coucluants,  en  flamme  tic  premelange,  sur  l’influence  de  la  richesse  et  de  la  pression. 

Les  auteurs  ont-ils  i'intention  d’tHudier,  plus  &  fond,  d'unc  part,  {’influence  de  la  temperature  d ’entree  ci, 
d’autre  part,  de  la  recirculation  des  gaz  brulds? 

F.HHoldemess:  Inlet  temperature  variations  were  not  possible  except  in  a  short  range  up  to  250°  C  at  the  time  of 
the  experiments.  The  range  now  available  (with  new  air  supply  plant)  is  increased  to  750°C.  A  study  of  the  effects 
of  variations  withi-.*.  the  range  is  pa:  i  of  our  future  pregratnme. 

Assessment  of.  the  properties  of  the  recirculation  zone  -  in  terms  of  reversal  mass  flow  -  is  now  possible  using 
an  omnidirectional  velocity  vector  probe  (described  in  NGTE  Report  R317  by  JJ.Macfarlanc). 

The  systematic  study  of  the  effect  of  this  parameter  on  combustion  product  composition  is  therefore  now  a 
possibility. 

We  agree  with  the  views  expressed  by  Mikus  and  Heywood  on  the  way  in  which  spatial  and/or  temp-oral 
variations  in  FAR  could  influence  product  composition.  It  was  in  fact  with  this  concept  in  mind  that  we  conducted 
the  two  parallel  series  of  tests  with,  (a)  Spray  flames,  where  FAR  variations  clearly  must  exist  ar  l  (b)  premixed 
flames  where  we  did  everything  possible  to  eliminate  such  variations  in  the  flame.  One  major  point  of  intctsi  in 
the  results  is  therefore  that  in  spite  of  the  difference,  the  two  series  showed  similar  concentrations  cf  total 
unoxidized  material,  COj  and  CO  (Figures  3. 4  and  5). 

The  dashed  lines  in  Figures  4  and  5  show  theoretical  equilibrium  composition  derived  from  overall  FAR  and 
a  temperature  (Tp)  calculated  from  the  experimental  data  to  be  as  near  the  true  values  as  possible.  If  the  value 
cf  FAR  is  calculated  instead  from  the  carbon  in  measured  CO  and  CO;  only,  then  the  equilibrium  curve  (for  Tp) 
lies  rouen  nearer  to  the  experimental  curve.  It  would  thus  appear  that  if  the  oxidized  carbon  only  is  considered, 
the  reactions  have  virtually  reached  the  equilibrium  condition.  In  both  premlved  and  spray  tests,  however,  a 
portion  of  the  original  fuel  has  been  left  “stranded”  (the  unoxidized  material).  Tha  totai  amount  of  this  is 
approximately  the  same  for  the  two  scries  (Figure  3),  but  in  the  spray  tests  a  larger  fraction  of  it  is  pyrolysed  to 
soot,  particularly  in  the  equivalence  ratio  range  1.0  to  1.5  at  1 1  bar  and  higher.  U  is  this  Jiffircncc  in  pyrolytic 
effect  which  is.  we  propose,  to  be  explained  by  the  contact  between  very  rich  elements  and  very  hot  elements 
which  can  occur  in  spray  flames  only. 

JAI.Beer:  The  authors  hare  clearly  illustrated  the  significance  of  pressure  upon  the  soot  formed  in  their  flames. 

In  flames  with  sprays  I  think  that  there  arc  two  principal  reasons  for  the  strong  effect  of  pressure.  Firstly  that  the 
kinetics  of  scot  formation  arc  favoured  by  pressure  and  secondly  that  the  droplet  spray  when  penetrating  into  a 
medium  of  higher  density  is  compressed  which  in  turn  results  in  an  increased  local  equivalence  ratio.  In  a  well 
controlled  experimental  series  we  observed  the  combustion  of  monosize  sprays  produced  by  a  vibrating  needle 
technique  and  found  that  the  amount  of  soot  formed  was  strongly  dependent  upon  the  ir.tcrdrcplet  distance. 

When  the  experiments  were  carried  out  under  conditions  of  elevated  pressure  (100  psi)  the  interdrop  distance 
was  greatly  reduced  with  the  effect  of  increased  local  fuel-air  ratios  and  enhanced  formation  of  soot. 

While  it  is  convenient  for  practical  purposes  to  correlate  data  on  soot  formation  with  overall  equivalence  ratio, 
it  seems  to  me  that  it  would  be  of  great  help  if  they  were  given  also  as  a  function  of  local  ait-fuel  ratio  in  the 
immediate  vicinity  of  the  root  of  the  spray. 

F.H. Holder, ness:  The  senes  of  measurements  with  premixed  kero  sine  vapour/air  flames  (Figure  2B)  gives  a  valid 
correlation  of  soot  with  equivalence  ratio  (<f>  since  there  were  nominally  no  point-to-point  variations  in  'P  through¬ 
out  the  combustor. 


In  spray  tests,  radial  traverses  at  the  working  plane  (7  cms  downstrear.  of  the  fuel/air  mixing  plane*  showed 
4  5  | per  cent  variation  in  FAR  within  the  combustor  walls,  fhis  sampling  was  net  time-resolved  and  small  scale 
non-uniformity  (such  as  might  exist  a;;  a  relic  of  the  droplet  cloud)  would  not  he  revealed.  We  have  no  detailed 
knowledge  of  the  mae.o-strueture  of  the  spray  cloud  near  to  the  baseplate  and  the  affect  of  pressure  changes  on 
this.  Investigation  of  t>iis  point  should  be  possible  using  the  universal  traversing  gear  which  we  have  recently  built. 

A-M.MeUor:  You  used  a  probe  fixed  on  the  centerline  to  deduce  that  CO.,  is  in  excess  of  its  equilibrium  value. 

Did  you  check  that  COj  concentration  was  not  lower  near  the  wall? 

F.H  JJoldetmess:  Diametral  sampling  was  only  possible  in  one  plane  of  the  combustor.  The  only  measurements 
made  were  tr.  check  the  distribution  of  equivalence  ratio  (found  to  be  ^  i  S  ner  cent  of  a  mean  value j.  Analytical¬ 
ly  the  measurements  were  made  by  completing  eombw-tion  in  the  Simple  after  addition  of  excess  oxygen,  and  then 
measuring  the  ratio  CG)  /N2  in  the  rod  nets. 

New  traversing  jsar  has  now  been  built  which  enables  all  points  within  the  combustor  to  be  reached  by  a 
sampling  probe.  With  this,  more  detuned  investigation  of  variations  in  gas  corn  Position  will  be  possible. 

M.LJJarr^re:  When  you  computed  the  equilibrium  condition',  did  you  use  the  theoretical  or  experimental  temperature 

F-H-Holdernes*:  The  equilibrium  data  shown  in  Figures  4  and  5  was  calculated  using  values  of  temperature  derived 
from  the  gas  analyses  by  an  enthalpy  balarce.  Heat  loss  Irom  the  flame  (12  to  17  per  cent)  was  measured  calori- 
metrically  and  a  correction  for  this  was  applied.  The  single  lines  given  in  the  graphs  are  for  3  C  bars  operating  pressure. 

Equilibrium  composition  corresponding  So  a  max'jnum  temperature  (no  heat  loss)  shews  a  somewhat  lower 
COj  content  than  that  shown  in  Figures  4  and  5.  The  largest  effect  is  at  the  stoiehicmetric  condition  -  1.1  per 
cent  C02  lower. 
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SUKMARf 

Comparisons  between  coot  oxidation  rate  measurements  obtained  In  laboratory  flames  and  in  a 
recent  shock-tube  Investigation  are  made  with  previously  reported  measurements  of  the  sutface  oxidation 
rate  >f  built  samples  of  pyrolytic  graphite.  On  the  basis  of  these  comparisons  it  is  concluded  that  the 
surface  oxidation  rate  mechanisms  for  soot  and  pyrolytic  graphite  are  the  same  and  that  the  rates  are 
predicted  by  a  Bent-empirical  expression,  originally  proposed  by  Nagle  and  Strickland-Constable  for 
graphite  oxidation,  which  expresses  the  specific  surface  oxidation  rate  in  terns  of  the  surface  temperature 
and  the  gas-phase  partial  pressure  of  oxvgen.  This  expression  provides  a  method  of  estimating  soot 
oxidation  rates  which  is  suitable  for  use  in  engineering  design  and  psrforoance  studies  of  aost  practical 
combustion  systems,  ruch  as  gas-turbine  combustors. 


I .  INTRODUCTION 

Soot,  normally  observed  as  black  snake  in  the  trails  of  jet  aircraft,  in  the  exhausts  of  many 
Internal  combustion  engines  (particularly  diesels),  and  in  the  pluses  frem  industrial  chimneys  and  open 
free-burning  fires,  has  given  rise  to  considerable  public  concern  because,  together  with  carbon  monoxide, 
oiddes  of  nitrogen,  and  unburaed  hydrocarbons,  it  is  generally  thought  of  as  being  one  of  the  primary 
contributors  to  the  air  pollution  problem  created  by  combustion.  Although,  in  the  context  of  air  pollution, 
soot  is  clearly  undesirable  there  arc  situations,  such  as  in  power  plant  furnaces,  where  the  presence  of 
root  in  the  high  temperature  combustion  zone  is  advantageous;  this  is  because  the  black-body  radiation 
charsets- istice  of  the  incandescent  soot  particles  make  radlut.ve  heat  transfer  much  more  effective  chan 
convection  at  high  temperatures. 

In  order  chat  combustion  systems  can  be  properly  designed  to  eliminate  3oot  from  exhaust  gases, 
it  Is  obviously  necessary  chat  we  at  least  have  a  reliable  quantitative  description  of  the  oxidation 
kinetics  of  soot.  The  chemistry  of  soot  formation,  notwithstanding  the  vast  literaru-e  which  has  been 
published  on  the  subject,  is  still  far  from  being. understood  for  most  practical  combustion  systems,  and 
thus,  still  ranks  as  one  of  '„-he  major  unsolved  problems  of  combustion  chemistry. 

Palmer  and  Cullls  [1],  in  their  review  of  the  formation  of  soot  in  the  gas-phase,  draw  our 
attention  to  a  number  of  general  items  of  information  concerning  soot.  For  example,  the  properties  of 
soots  formed  in  flames  are  remarkably  similar  and  little  affected  by  the  type  of  flame,  i.c.,  prenixed  or 
diffusion,  the  nature  of  the  fuel  being  burnt,  and  the  other  conditions  under  which  they  are  formed. 

Soot  ia  primarily  composed  of  carbon,  normally  greater  than  ninety  percent  by  weight,  but  nay  additionally 
contain  other  elements,  usually  hydrogen  and  oxygen,  to  some  variable  extent.  Early  electron  microscope 
studies  of  soot  showed  that  the  constituent  particles  were  roughly  spherical  with  diameters  typically 
ranging  between  100  a  and  500  a,  and  that  they  were  grouped  together  in  a  necklace- like  fashion.  Other 
electron  microscope  and  X-ray  diffraction  studies  (2-7)  showed  that  much  of  the  carbon  in  the  particles 
was  prosmt  in  the  Cora  of  small  graphite-like  crystallites  embedded  in  a  polymeric  material,  to ro 
significantly,  it  appeared  that  each  crystallite  was  composed  of  several  graphite  lamel’ae,  each  containing 
on  the  order  of  a  hundred  or  so  carbon  atom--,  which  were  atackcd  randomly  on  top  cf  one  another  with  a 
spacing  of  about  3.45  a,  i.e. ,  a  turbor -ratio  structure  [2,  3].  F-rtherrore,  it  was  observed  that  the 
outermost  crystallites  were  arranged  so  that  their  basal  planes  were  approximately  tangent  to  the  particle 
surface  ar.d  that  heat  treatment  caused  the  crystallites  to  grow,  presumably,  at  the  expense  of  the 
polymeric  material. 

On  the  basis  of  this  descriptive  information  it  appears  that,  at  the  microscopic  level,  much  of 
the  surface  structure  of  the  snail  so^t  particles  is  similar  to  that  of  pyrolytic  graphite  which  has  found 
comerclal  application  beuk.se  of  its  high  temperature  resistance  to  oxidation  and  erosion,  c.g. .  it  has 
been  suggested  as  a  heat  shield  material  for  re-entry  vehicles  (8-11).  Pyrolytic  graphite  can  be  prepared 
by  thermally  cracking  hydrocarbon  vapors,  such  as  aetS ane  or  ethane,  on  high  temperature  solid  substrates. 
Formed  in  this  way,  the  graphite  lamellae  are  oriented  approximately  parallel  to  the  surface  but  with  no 
layer  to  layer  order,  i.e.,  the  structure  is  also  turbostratlc.  Presumably,  it  is  this  highly  anisotropic 
structure  which  provides  the  such  higher  resistance  to  surface  oxidation  by  molecular  oxygen  at  elevated 
temperatures  than  tu  observed  for  other  sore  isotropic  fores  of  cerroercia)  ly  available  graphite  (see,  for 
example,  Nasle  and  Strickl.ir.d-Co  ns  table  (T2j  and.  Rosner  and  Allendorf  (13)).  Indeed,  it  has  b?cn  suggested 
(13)  that  the  reason  for  this  difference  in  the  oxidation  resistance  of  pyrolytic  graphite  and  isotropic 
graphite  is  that  in  the  latter  case  a  large  proportion  of  the  surface  carbon  atoms  are  likely  to  be  in  the 
more  reactive  prismatic  plane  or  "edge"  positions,  whereas,  with  pyrolytic  graphite,  the  surface  atoms  are 
those  which  are  embedded  within  the  basal  plenes. 

The  similarities  in  the  surface  structure  of  soot  produced  in  flames  sr,d  pyrolytic  graphite 
prompted  Radcilffe  and  Appieccn  (14)  to  make  comparisons  between  the  few  major  experimental  investigations 
of  soot  oxidation  (15-17)  and  the  somewhat  more  extensive  measurement#  of  pyrolytic  graphite  oxidation 
(r2,  13,  18-20),  The  purpose  of  the  comparison  was  tbst  If  good  correspondence  between  the  data  were 
obtained  where  Che  exporimental  conditions  of  temperature  and  pressure  overlapped,  rhea,  because  the 
pyrolytic  graphite  rate  Measurements  extended  over  a  wider  range  of  expeciacotAl  ccr.dit loc.z,  they  would 
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provide  a  sounder  basis  for  extrapolation  of  the  soot  oxidation  rate  data  to  the  higher  temperature  and 


pressure  conditions  of  many  practical  combustion  systems.  Figure  1,  taken  from  Heyvood,  Fay  and  Linden 


(22)  compares  the  ranges  of  oxygen  partial  pressure  and  tsnperature  in  vhlch  the  major  soot  oxidation  rat* 
invest! gatiops  h«ve  been  made  with  the  operating  conditions  of  a  typical  gas-turbine  combustor.  The 
exiefiBlVa  extrapolation  which  is  required  to  use  the  data  is  apparent. 


In  this  paper  we  shall  briefly  review  the  previous  soot  and  pyrolytic  graphite  oxidation  rate 
measurements  and  also  outline  a  theoretical  model  for  surface  oxidation  [23]  which  yields  the  fore  of  the 
expression  pvopossd  by  Nagle  and  Strlclcland-Constablc  [12]  to  correlate  their  pyrolytic  graphite  oxidation 
rate  measurements,  Additionally,  some  new  rate  measurements  for  soot  oxidation  will  be  presented  that 
cover  the  ranges  of  temperature  between  1700  and  4000  °K  and  pressure  between  0,05  and  13  atm.  bf  oxygen; 
these  results  have  recently  been  obtained  in  a  shock-tube  investigation  by  Para  and  Appleton  [24].  It 
will  be  made  apparent  that  the  combined  experimental  measurements  undoubtedly  confirm  the  essential 
correctness  of  Kagle  and  Stricklend-Constable's  rate  expression,  thus  providing  a  method  of  correlating 
and  extrapolating  soot  oxidation  rates  which  is  suitable  for  use  in  engineering  design  and  performance 
studies  of  practical  combustion  systems.  Finally,  an  assessment  of  soot  burn-up  in  a  typical  gas-turbine 
combustor  using  this  rate  expression  will  bo  presented  in  the  fii  »1  Section  of  this  paper. 


II.  FLAME  MEASUREMENTS  OF  SOOT  OXIDATION 


Lee,  Thrlng  and  Beer  [15]  cade  measurements  of  soot  oxidation  rates  in  the  hot  laminar  plume  of 
a  calor  gas  diffusion  flame  where  the  primary  combuptifn  products  were  oxygen,  nitrogen,  water  vapor, 
carbou  dioxide,  and  soot.  At  successive  stations  alo'.g  the  plume  the  local  temperature  was  measured  and 
samples  of  the  product  gases  and  the  soot  were  extrac  ted  with  suction  probes  for  subsequent  analysis.  The 
gas  analyses  were  made  using  chromatographic  methods  tnd  the  change  in  size  of  the  soot  particles  was 
measured  by  means  of  electron  dictographs.  Within  th  :  limitations  of  their  ability  to  vary  the  operating 
conditions,  these  investigators  measured  soot  oxidation  rates  over  the  approximate  temperature  range: 

1300  to  1700  *K,  and  oxygen  partial  pressure  range:  0  04  to  0.12  atm.  They  correlated  their  results  on 
the  basis  of  the  following  empirical  expression  for  the  specific  surface  oxidation  rate: 


u-  1.085  x  lOV^/W^exp^.S/RT) 


gm.cm.-28ec.-1 


thus  claiming  c  first  order  dependence  on  the  oxygen  concentration  and  an  apparent  activation  energy  of 
37.3  k.cal.mnle.”1 


In  a  similar  typo  of  investigation,  Tesner  and  Tsibuluvsky  [16]  measured  the  oxidation  rate  of 
soot  in  laminar  diffusion  flames  burning  acetylene-hydrogen  and  acetylene-water  vapor  mixtures.  The 
kinetic  data  were  obtained  in  the  upper  part  of  the  flame  where  the  oxygen  concentration  was  relatively 
uniform  over  the  cross  section  of  the  soot-gas  column.  These  authors  did  not  publish  values  of  the 


oxygen  partial  pressure  In  the  region  of .measurement  (we  estimated  [14J,  PQj  *v  0.01  atm.),  instead,  trey 


presented  their  reduced  measurements  of  the  specific  surface  rate  referred  to  a  unit  atmosphere  of  oxygen 
on  an  Arrhenius  plot,  i.e.,  log  (u/P^)  versus  T  1  .  Because  the  data  points  all  lay  close  to  a  straight 

lint  over  the  temperature  range:  1400  to  2000  "K,  they  imply  a  first  order  dependence  of  the  rate  on  the 
oxygen  concentration,  and  the  slope  of  the  line  yields  an  activation  energy  of  about  40  k. cal. mole. “l 
Therefore,  these  results  appear  to  be  in  substantial  agreement  with  those  reported  by  I.ee,  Thrlng  and 
BeSr.1- 


F( nlcore  and  Jones*  measurements  [17]  were  made  using  an  apparatus  in  which  soot  was  first 
prepared  by  burning  a  premixed  rich  mixture  of  ethyler.e,  oxygen  and  argon.  The  products  were  then  cooled, 
mixed  with  additional  fuel  composed  of  hydrogen,  oxygen  and  carbon  dioxide,  and  then  burned  in  a  second 
fuel-lean  sooty  flame.  The  soot  was  thus  oxidized  in  a  known  environment  of  constant  oxygen  composition 
and  temperature.  The  rate  of  soct  oxidation  was  again  determined  by  sample  analysis  and  the  size  of  Che 
soot  particles  measured  using  electron  micrographs.  The  range  of  temperature  covered  by  these  measure¬ 
ments  was  1530  to  1890  °K,  and,  for  these  fuel-lean  flamss,  the  oxygen  partial  pressure  was  varied  between 
O.Oa  and  0.3  atm.  Three  neasucemints  were  made  in  slightly  fuel  rich  flames  in  which  the  oxygen  partial 
pressure  was  estimated  on  the  basis  of  equilibrium  calculations  to  be  about  10~*  atm.  it  less. 


In  a  second  3crle3  of  experiments,  Feninore  and  Jones  measured  the  rate  of  oxidation  of  dried 
soot  In  an  atenephore  composed  of  dry  nitrogen  and  oxygen  using  an  electrically  heated  furnace  through 
which  the  zoot-gss  suspension  flowed  at  a  known  rate.  Measurements  of  the  oxidation  rate  were  obtained 

at  1200  ’K. 


fo:  P,,  ■  0.12  and  0.21  atm. 


The  distinguishing  feature  of  the  Fenimorc  and  Jcnes  results  is  the  relatively  weak  dependence 


Mcgnussen.  [21]  recently  stressed  the  differences  between  the  oxidation  rates  of  soot  and  carbon  by 
shoving  graphically  that  the  Lee,  Thrlng  and  Beer  rate  dats  for  soot  (15]  wau  typically  about  a  factor  of 
one  hundred  times  smaller  than  some  carbon  data  obtained  at  comparable  temperatures.  The  reason  for 
Magnus sen's  observation  appears  to  be  that  he  chose  to  compare  the  soot  data  with  data  obtained  using  the 
such  more  reactive  isotropic  forms  of  graphite,  such  as  Reactor  graphite,  which  was  alar  discussed  by 
Ncgie  and  Stricklacd-Constabla  *12]. 


It  is  to  be  noted  that  in  another  publication  [25],  Tcsner  and  Tsibulevsky  presented  measurements  cf  soot 
oxidation  by  carbon  dioxide.  These  results  were  also  obtained  in  lamin'  •  diffusion  flumes  burning  acetylene 
diluted  in  nitrogen  and  carbon  dioxide,  hut  In  a  lower  flame  regicn where  oxygen  from  the  surroundings  had 
not  oiffuse-i  to  the  soot  column.  For  temperatures  between  1800  and  1940  *K,  they  correlated  their  date  by 
the  expression • 


*  1.15  *  10  P0}ex?(-75/KT)  gn.ca.  *sec.  1 

which,  in  view  of  th*  large  activation  energy,  shows  that  the  oxidation  of  soot  by  carbon  dioxide  is 
cxtrcix-ly  slow  ct  normal  combustion  temperatures . 
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Figure  1.  Conpaxiaon  of  regines  Is  wnich  aoot 
oxidation  rate  aeasureaents  have  been  Bade  (15-17] 
vith  the  range  of  operating  conditions  for  a 
typical  gas-turbine  coebuntor. 
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Figure  3.  Mnasureaeata  of  the  specific  surface 
oxidation  rates  for  pyrolytic  graphite  as  a 
function  of  tsaperattce  and  oxygen  partial  pressure 
(12,13,18-20]. 
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Figure  2.  Suaaary  of  specific  soot  oxidation  rate 
aeesurenents  obtained  in  la’toratory  diffusion  flaaea 
as  a  function  of  tenperature  [15-17] * 


Figure  A.  Specific  surface  oxidation  rate  for 
pyrolytic  graph!  :e  as  a  function  of  the  oxygen 
partlel  pressure  at  the  fixed  temperature,  T  «  1490  *K 
(12,18,13). 


which  they  observed  for  the  oxidation  rates  on  the  oxygen  concentration.  Contrary  to  bee,  Thrlng  and  Beer 
and  Teener  and  Tsibulevsky ,  Fenlnore  and  Jones  claimed  that  the  primary  agent  responsible  for  soot 
oxidation  was  not  oxygen  but  the  hydroxyl  radical,  OH.  On  the  basis  of  ocher  Measurements  irom  which  they 
deduced  to  OR  concentration  in  the  reaction  rones  of  the  lean  flames,  they  estimated  that  the  OH  radical 
was  effective  in  removing  a  carbon  atom  from  the  soot  in  about  ten  percent  of  the  collisions  with  the 
surface. 

A  auaevary  of  these  flame  measurements  of  soot  oxidation  rates  is  shown  in  Figure  1  where  we  have 
plotted  log  w  against  T_t  ;  the  individual  results  are  identified  in  the  legend  of  the  figure.  The  full 
lines  shown  In  Figure  2  ere  theoretical  predictions  of  pyrolytic  graphite  oxidation  rates  calculated  for 
different  values  of  PQj  using  the  formula  proposed  by  Nagle  and  Strickland-Constable  112];  we  shall  return 

to  discuss  this  comparison  later. 

171.  PYROLYTIC  GRAPPITE  OXIDATION 

Surface  oxidation  rate  measurements  of  bulk  samples  of  graphite  have  been  reported  by  numerous 
Investigators;  a  review  of  the  work  has  been  given  by  Lewis  126] .  The  investigations  of  primary  interest 
to  us  are  those  by  Strickland-Constable  and  his  co-workers  [12,  18,  19]  and,  more  recently,  by  Rosner  und 
Allendori  [11,20]. 

Walls  and  Slricsland-Constable  [18]  used  small  rods  of  pyrolytic  graphite  (2  cm.  long  and  0.4  * 
0.5  cm.  cross  section)  which  were  heated  electrically  between  carbon  supports.  An  inclined  jet  of  oxygen 
war  allowed  to  inpin go  on  one  of  the  surfaces  of  the  specimen  which  was  parallel  to  the  basal  planes.  The 
surface  cemperature  was  measured  with  an  optical  pyrometer  and  the  reaction  rate  determined  by  measuring 
the  rate  o i  recession  of  the  surface.  By  maintaining  the  jet  velocity  at  a  relatively  high  value, 
nominally  70  m.sec.  1  ,  they  were  able  to  eliminate  the  effects  of  boundary  layer  diffusion  and  thus  obtain 
measurements  of  the  t.  ftace  Halted  reaction  rate.  Walls  and  Strickland-Constable 's  results,  whicn  extend 
ovsr  the  approximate  temperature  range:  1200  to  7700  °K,  at  an  ozygen  partial  pressure  of  0.21  atm.  are 
illustrated  in  Figure  3.  Other  measurements  reported  by  Nagle  and  Strickland-Constable  [12]  at  P^  " 

0.13  atm.  were  feund  to  be  in  close  agreement  with  those  obtained  at  0.21  atm.  (not  all  of  the  P  * 

"2 

0.13  atm.  data  have  been  included  in  Figure  3  to  avoid  confusion),  and  thus  it  was  concluded  that  the 
surface  rate  was  Independent  of  the  oxygen  concentration  for  these  values  of  P.  .  Earlier  measurements  of 
i.*--  '-'iz-io?.  rate  of  small  carbon  filaments  (diameter:  0.j5~0.1  no)  obtained2st  an  extremely  low 
pressure,  PQ^  ~  2.5  *  10~s  atn.,  were  reported  by  Strickland-Cor.stable  [19]  ar.d  these  have  also  been 

included  in  Figure  3. 

More  recent  pyrolytic  graphite  oxidation  rate  measurements  have  been  made  by  Rosner  and 
fllendorf  [1J,  20],  Their  apparatus  consisted  of  a  glass  vacuum  flow  system  in  which  metered  gas  mixtures 
(e.g. ,  oxygen  and  argon)  were  passed  over  an  electrically  heated  pyrolytic  graphite  filament.  The  filament 
was  prepared  in  situ  by  cracking  ethane  on  an  electrically. heated  timgsten  filament  substrate.  The  rate 
measurements  were  made  by  measuring  the  changes  of  the  outer  filament  diameter  after  periods  of  known 
exposure  to  the  oxidizing  gas  stream,  end  the  surface  temperatures  were  measured  with  an  optical  pyrometer. 
Rosner  and  Allsndorf's  results  are  also  illustrated  in  Figure  3.  At  1490  °K  they  cover  the  oxygen  partial 
pressure  range  between  4  *  10  5  and  10  1  atn.,  and  for  the  fixed  value,  P„  »  4  x  10  5  atm,,  they  extend 
ovef  the  temperature  range:  1140  to  2000  °K.  2 

The  important  characteristic  feature  of  the  data  shown  in  Figure  3  is  that  for  fixed  oxygen 
partial  pressures,  the  rates  pass  through  local  maxima  as  the  temperature  increases.  A  second  feature  is 
illustrated  in  Figure  4  where  we  have  cross-plotted  from  Figure  3  the  oxidation  rates  at  the  fixed 
temperature  of  1490  °K  as  a  function  of  the  oxygen  partial  pressure.  Here  it  is  apparent  that  the  rate 
is  first  order  in  P^  at  low  pressures  but  tends  to  zero  order  as  the  pressure  is  increased. 

The  full  lines  shown  in  Figures  3  and  4  were  calculated  using  Nagle  and  Strickland-Constablc’s 
seai-czfpirical  formula  which  they  claimed  to  correlate  their  pyrolytic  graphite  rata  measurements.  Indeed, 
apart  from  the  tccgierature  dependence  of  the  results  at  «  4  x  10  4  atm.,  the  formula  also  appears  tci 

correlate  Rosner  and  Allendorf’s  data  as  well.  We  shall  outline  the  theoretical  model  of  the  surface 
oxidation  mechanism  cm  which  this  formula  was  based  in  the  next  Section.  However,  before  doing  that  wc 
shall  briefly  sutraarize  Radcliffe  and  Appleton's  arguments  [14]  for  proposing  that  the  oxidation  rates  of 
soot  and  pyrolytic  graphite  should  be  the  same. 

First,  as  pointed  out  in  the  Int  .eduction,  the  surface  structure  of  the  crystallites  contained 
in  small  soot  particles  and  the  structure  of  pyrolytic  graphite  is  probably  the  same.  Secondly,  most  of 
**-a  soot  oxidation  rate  measure  tents  shown  in  Figure  2,  exhibit  a  dependence  on  temperature  which  is  about 
the  ssme  as  the  pyrolytic  graph,  te  rate  measurements  over  the  ssdc  temperature  range.  Thirdly,  the 
magnitude  of  most  of  the  soot  rfte  measurements  arc  predicted,  to  within  a  factor  of  two  or  three,  by  the 
Nagle  and  Strickland-Constable  formula,  •'.he  notable  exceptions  being  Fcninore  and  Jones'  results  obtained 
in  slightly  inel-rich  flames. 

Fer.iaore  and  Jones1  contention  that  the  OH  radical  is  the  primary  agent  responsible  for  the 
oxidation  of  soot  in  hot  cozfcustian  gases  does  not  appear  to  be  supported  by  other  experimental  results 
obtained  by  Rosner  and  Allenuorf  .'20]  which  indicate  that,  even  for  shs  mate  reactive  isotropic  graphite. 


3  *** 

Rosner  and  Allenaorf  have  also  mat  »  measurements  of  the  reactivity  of  both  oxygen  atoms  and  hydroxyl 

radicals  on  graphite  surfaces.  It  s  interesting  to  note  that,  whereas,  they  found  large  differences  in 
the  reactivity  of  o r3 gen  molecules  .  n  isotropic  graphite  and  pyrolytic  graphite  surfaces,  the  extremely 
high  reactivity  of  both  types  of  graphite  surface  with  oxygen  atoms  was,  to  within  a  factor  of  two,  about 
the  sast.  We  shall  comment  on  their  results  for  the  reactivity  of  OH  radicals  at  the  end  of  this  Section. 


th«  OH  radical  only  raoove*  a  carbeu -atom  from  the  surface  in  laaa  Chan  one  out  of  every  hundred  colli  vjca 
with  Che  surface,  whereas,  Fenimore  and  Jones'  explanation  of  their  results  requires  a  ten  percent 
efficiency  for  the  OH  collisions.  We  are  inclined  to  suggest  that  the  results  obtained  in  the  slightly 
fuel-rich  flames  could  be  explained  by  oxygen  concentrations  greater  than  Fenimore -and  Jones*  estimates 
based  on  equilibrium  calculations,  i.e.,  10""11  atm.,  but  which  were  probably  too  small  to  measure. 

Certainly,  the  weak  oxygen  pressure  dependence -which  Fenimore  and  Jones  observed  for  their  fuel-lean  flame 
results  is  accounted  for  by  the  Nagle  and  Si:rickland-Constable  correlation  formula. 

Finally,  Lea,  Thring  and  Beer's;first  order  pressure  dependence  of  the  rate  ves  deduced  on  the 
basis  of  quite  a  limited  pressure  range,  i.e,,  0.04  to  0.1  atm.  of  oxygen.  When  one  bears  in  mini  •'he 
probable  experimental  uncertainties  associate-  with  flame  measurements  and  that  Fenlmore  and  Jones 
observed  a  much  weaker  dependence  of  the  rate  on  ?  at  comparable  experimental  conditions  over,  a  seven¬ 
fold  change  in  the  oxygen  concentration,  it  seeks  2probable  that  the  Lee,  ’.hring,  and  Beer's  first  order 
dependence  on  PQj  is  not  justified. 

In  order  to  completely  justify  Radcliffe  afid  Appleton's  proposition  that  the  oxidation  rates  of 
soot  and  pyrolytic  graphite  should  je  the  same,  it  wan  apparent  that  measurements  of  soot  oxidation  rates 
should  be  made  over  more  extensive  ranges  of  temperature  and  pressure  than  had  hitherto  been  obtained.  It 
uv3  for  this  reason  that  Park  and  Appleton  [24]  carried  out  their  recent  shock-tube  investigation  of  soot 
oxidation  rates.  We  shall  present  these  results  in  Section  V;  however,  before  doing  that  we  shall  briefly 
outline  the  theoretical  model  of  the  surface  oxidation  mechanism  which  yields  "he  form  of  the  expression 
for  the  specific  surface  oxidation  rate  proposed  by  Nagle  and  Strickland-Constable. 

IV.  THEORETICAL  MODEL  OF  SURFACE  OXIDATION  MECHANISM 


The  theoretical  model  of  the  surface  rate  mechanism  was  originally  proposed  by  Blyholder, 

31  r--ford  and  Eyring  [2?].  The  theory  assumes  that  there  are  two  types  of  reaction  sites  on  the  exposed 
carbon  surface,  namely,  an  A-alte  which  is  more  reactive,  and  a  less  rear  live  B-site.  The  fraction  of  the 
surface  covered  by  A-sices  is  assumed  to  be  x,  and  the  remaining  fraction,  (1-x),  is  assumed  to  be 
covered  by  8-sites.  It  is  proposed  that  a  steady-state  fraction  of  the  A-sltes  are  covered  by  a  surface 
oxide  and  that  this  fraction,  xAQ,  is  given  by  a  balance  between  the  rate  of  activated  adsorption  of 
oxygen  from  the  gas-phase  on  the  A-sites  to  produce  the  surface  oxide,  viz. 


A  4*  Oi(g)  surface  oxide 

and  the  rate  of  activated  desorption  of  CO  from  the  surface,  viz. 

k'*AxA0 

surface  oxide  . . . . ■>  2CO(g)  +  A 


(1) 

(2) 


Thus,  the  fraction  of  A-sites  covered  by  the  surface  oxide  is  given  by  the  steady-state  expression! 

*A0  ■  (3) 

V_-*nd,  therefore,  the  rate  at  which  carbon  leeves  the  surface  due  to  A-site  oxidation  is: 

k\lVoI/(l'Vo!)i  -  Wo2/(14W]  <*> 

where  we  have  written  k?  *  kA/k',  in  accordance  with  Nagle  and  St vickl and-Cona cable's  notation. 

The  theoretical  model  further  assumes  tbat  oxygen  reacts  with  B-sites  in  a  slow  endothermic 
first  order  reaction  to  yield  an  A-sice  and  CO  which  is  then  desorbed  from  the  surface: 

kBP0, (1_x' 

B  +  Oi(g)  -■  -  *  - - >  2C0(g)  +  A  (5) 

The  rate  at  which  carbon  leaves  the  surface  via  this  mechanism  is  thus: 


k8?0tU-*>  (6) 

Finally,  it  is  assumed  that  A-sites  undergo  a  slow  process. of  activated  thermal  rearrangement  to  yield 
B-sites: 


A 


B 


(7) 


For  a  ateady-state  value  of  x,  the  rates  of  reactions  (5)  end  (7)  must  balance,  thus 

X  Ml  +  y^y"3  M 

and  the  overall  specific  surface  reaction  rate  is  then  given  by: 

MKc*xWa+kzV!*¥oia-x)  <9) 

where  «  12,  is  the  gram  molecular  weight  of  a  carbon  atom, 

Nagle  and  Strickland-Constable  chose  the  ft  Hewing  values  of  kA,  kg,  kj.  and  kj,  in  order  to  fit 
their  rate  measurements: 


ga.cm.~Isec.”1  atm.-1 
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Itj  •  1.51  x  10*exp{-97/KT)  ga.cn.‘2scc.-1 


Jc2  »  21.3exp(4.l/RT) 


where  all  activation  energies  are  expressed  in  the  units  of  k.cal.  osle.~l 


It  can  be  seen  from  Eq  (6/  that  at  low  temperatures,  the  surface  is  entirely  covered  by  A-sitea, 
i.e.,  x  -  1,  and -that  at  low  oxygen  partial  pressures. 


u  =  2,4  x  10*?Ojexp  (-3Q/RT)  'go, cm.  *!sec.~* 


At  higher  partial  pressures  where  the  race  becomes  zero  order  with  respect  to  P^, 

w  =  11.3axp(-34/RT)  gm,cm.-Jsec.  1 

and  at  higher  temperatures  where  thermal  rearrangement  produces  tv  increasing  proportion  of  S-sit. 

x  =  3  *10"JP..  exp{21.S/PI)  “ 


i.e.,  the  apparent  activation  energy  of  the  A-site  oxidation  term  in  Eq  (9)  changes  its  value  and  sign 
with  the  net  result  that,  for  a  fixed  oxygen  partial  pressure,  a  decreases  with  increasing  temperature. 
At  still  higher  temperatures  the  A-site  oxidation  term  in  Eq  (9)  becomes  negligibly  small  by  comparison 
with  the  B-site  tern,  and  a)  again  begins  to  increase  with  Increasing  temperature,  i.e. 


w  =  5.35  x  10  *p  exp(-15.2/RT)  gn.cm.~tsec.* 


Although,  as  nay  be  seen  from  Figures  3  and  4,  this  theoretical  model  clearly  gives  *  good 
quantitative  fit  to  both  the  Strickl/-nd-Cons table  and  Roaner  and  Ailendorf  rate  msTasurensnta  over  quite 
extensive  ranges  of  temperature  and  oxygen  partial  pressure,  the  physical  rsatuti  of  the  two  surface  sites 
and  the  type  of  surface  oxide  formed  is  obscure.  For  these  reasons  and  the  fact  that  the  rate  coefficients 


k.,  h.,,  k_  and  k_  were  chosen  to  fit  a  set  of  experiments!  data,  we  regard  ••he  thvory  as  being  semi- 
empirical:  * 


empirical. 

V.  SHOCK-TUBE  MEASUREMENTS  OF  SOQT  OXIDATION  RATES 


Park  and  Appleton's  meisurementa  (24]  were  saade  using  a  conventional  pressure-driven  stainless 
steel  shock-tube  having  an  internal  bore  of  3.8  cm.  Hie  soot  was  prefixed  as  a  dispersion  in  *  prepared 
'fast  gas,  which  contained  between  2.5  and  30  percent  by  volume  of  oxygen  in  argon,  using  a  specially 
designed  aspirator,  .'he  measurements  were  made  in  '.he  reflected  shock-wave  region  where,  close  to  the 
end  wall,  the  rate  of  disappearance  of  the  soot  was  determined  by  a  simple  laser-light  transmission 
method.  Figure  5  illustrates  the  schematic  layout  of  the  apparatus;  a  detailed  description  of  the 
apparatus,  including  the  aspirator,  and  the  experimental  procedure  is  described  elsewhere  [24]. 


The  two  types  of  soot  used  In  these  experiments  were  obtained  in  the  form  of  commercially 
available  carbon  block  [27],‘  i.e,,  channel  black  and  furnace  clock.  The  primary  difference  between  the 
two  types  was  that  the  diamiel  black  had  a  ceac  particle  radius,  R  ,  of  45  a,  whereas,  the  furnace  black 
hat!  a  mean  particle  radius  of  180  a.  both  determined  on  the  basis  of  elect ronnlcroscope  measurements. 

The  particle  size  distributions  were  closely  represented  by  a  skewed  Gaussian: 


{3H/2E')R  cxi(-3kJ/4R2) 

H  Q 


such  that  the  number  density  of  particles  In  the  size  range:  S,  5  R  5  R,  ,  was  given  by  the  expression: 

„  a  m  b 

S<VV  “  '  f<R>dR 


The  amount  of  soot  in  the  soot-rest  gas  dispersion  was  maintained  at  a  sufficiently  low  level 
that  the  heat  release,  even  after  joaplete  combustion  in  the  reflected  shock-wave  region,  was  sufficiently 
small  that  it  was  negligible  in  determining  the  thermodynamic  properties  of  the  test  gas,  i.e.,  the 
temperature  and  pressure  in  the  reflected  shock-wave  region  was  calculated  on  the  basis  of  the  Rankine- 
Hugoniot  relctionr  for  an  ideal  gas  mixture  led  the  measured  primary  shock-wave  velocity. 


A  line  tracing  of  an  actual  oscilloscope  record  of  the  transmitted  laser  light  intensity  as  a 
function  of  time  after  shock  reflection  is  shown  in  Figure  6.  Thu  ordinate,  y,  is  the  fraction  of  the 
light  absorbed  by  the  dispersed  soot  relative  to  the  absorption  obtained  immediately  following  the 
passage  of  the  reflected  shock-wave  past  the  observation  station  close  to  the  end-wall,  vi*. 


y  -  (If-I>/(If-Xo) 

where  is  the  intensity  of  full  light  transmission  with  no  absorption,  and  1^  is  the  intensity  measured 


inxwdia'ely  behind  the  reflected  shock-wave  at  the  tine  t  «  0. 


According  o  the  small  particle  limit  of  the  ’-orcntr-Mic  theory  for  scattering  and  absorption  of 
radiation  by  spheriesl  particles,  it  can  be  shown  chat  fer  a  fixed  wavelength,  X,  such  that  A>;-R,  and  a 
given  conocant  value  of  the  complex  refractive  Index  of  ihe  particle  material,  the  extinction  coefficient 
is  proportional  to  the  volume  fraction  occupied  by  the  particles  [28]..  Thus,  when  the  extinction 
coefficient  is  small,  as  was  the  case  in  these  shock-tube  experiments,  y  nay  be  expressed  in  the  form: 


>  -  £*f(R)  r*dh/  ff(R)  RJdR 
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Figure  5.  Schematic  lavcur  of  shock-tube  apparatus 
for  soot  oxidation  rate  leasureaents. 
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Figure  6.  Y-profile  of  oscilloscope  record  of 
absorbtlon  profile  obtained  behind  reflected 
shock  wave.  Initial  channel  pressure:  93  torr 
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Figure  8.  Specific  soot  oxidation  rate  as  a 
function  of  the  oxygen  partial  pressure  at 
tesperatute  T  »  7.550  t  100  *K. 
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Figure  7.  Specific  scot  oxidation  rate  •eeesursscnts 
versus  temperature  as  a  function  of  the  oxygen 
partial  pressure. 


wher^.,  r  “  r{R,  t),  is  the  radius  of  individual  particles  at  time  t  whose  radius  was  originally  R  at 
t  <  0.  - 

Now  cite  tine  rate  of  change  of  the  mass  of  a  single  coot  particle  due  to  surface  oxidation  is 
given  by  the  equation: 


4nr*u 

where  p  is  the  particle  density  ' o  «  1.8  j5n.ee  ” 1 


d  .dor3. 

<^<3  > 


(16) 


cor  the  types  of  carbon  black  used),  and  w  is  the 
specific  surface  reaction  rate.  Integration  of  this  rate  equation  yields: 


r  »  R  -  S, 
r  ■*  0, 


R  >  C 
R  <  S 


<17) 


where,  S  ••  oit/p.  With  tu  particle  sire  distribution  function  given  by  Eq  (14)  and  r  given  by  Eq  (3  7), 
the  integrals  in  Eq  (15)  ton  be  evaluated  to  yield: 


y  -  (1  +  (3/2)  (S/R  )2]erK:[</2  ,’S/iR  )} 

W  Cl 

+  /JAir(S/R  )e&p[-3;s/2R  )3) 


(18) 


In  ’ig.ia*  f  the  y- profile  shape  given  by  Eq  (18)  is  conpared  with  the  experimentally  measured 
profile:  it  is  nppar.ut  that  the  agreement  is  quite  good.  The  value  of  y  fall3  to  half  its  initial  value 
at  (S/Rn)  “  0.3.J  if  the  time  corresponding  to  this  noint  is  designated  by  the  characteristic  time,  T, 
the  auecific  surface  reaction  rate  is  give*.  in  terms  of  T  by  the  relationship: 


i>  -  0.33R  p/T 

Q 


(10) 


.he  fora: 


The  method  of  determining  01  is  now  obvious.  Tee  characteristic  time,  r,  is  measured  directly  from  the 
oscilloscope  record,  i.e.,  the  time  required  for  y  to  fall  to  half  its  initial  value,  and  then  substituted 
directly  into  Eq  (19)  to  yield  W. 

In  the  firs*  series  of  experiments,  the  shock-tube  operating  conditions,  i.e.  the  initial  test 
gas  pressure  in  the  channel,  the  percentage  of  oxygen  fn  the  tent  gas  mixture,  the  shoe" .-tube  driver 
pressure,  etc.,  were  arranged  such  that  behind  the  reflected  shock-wave  a  temperature  range  between  1700 
and  4000  *K  could  be  achieved  r.t  the  three  nominal  oxygen  partial  pressures:  J  *  0.05  ±  0.01,  0.15  ± 
0.03,  0.5  ±  0.1  atm.  The  uncertainty  of  i20  percent  in  the  oxygen  partial  press 8re  arose  as  a  consequence 
of  random  variations  it  the  shock  velocity  for  the  same  initial  test  conditions.  In  a  second  series  of 
experiments,  the  shock-tube  operating  conditions  were  so  arranged  as  to  keep  the  temperature  in  the 
reflected  shock-wave  region  at  ofconc  2500  i  1,00  *K  whilst  varying  the  oxygen  partial  pressure  between 
0.04  and  13  ato.  The  total  prossure  in  the  reflected  shock  region  ranged  betveon  35  atm.  (33  percent  02) 
for  the  highest  oxyger.  pressure  operation,  to  1.4  atm.  (2.5  percent  *>i)  for  the  lcvest  oxygen  pressure 
operation. 

The  results  of  this  shock-tube  Investigation  are  displayed  in  Figures  7  and  8  together  with  the 
previous  rate  measurements  for  soot  oxidation  [15-17).  see  legend  for  identification.  The  full  lines  were 
calculated  on  the  basis  of  Kagle  and  Strlcxlacd-Consr.abia's  rate  expression,  Eq  (9).  Firrt,  it  is  apparent 
that  the  same  characteristic  features  of  the  pyrolytic  graphite  oxidation  rote  measurements  are  reproduced 
by  the  soot  oxidation  rate  measurements  shown  in  Figure  7  and  that  the  data  are  quite  well  correlated  by 
Eq  (9).  The  data  shown  in  Figure  8  clearly  illustrate  that  for  a  fixed  temperature  and  lew  enough  oxygen 
partial  pressures,  PQ  <  0.5  atm.,  the  surface  oxidation  rate  is  first  order  in  the  oxygen  pressure,  and 
that  at  high  pressure!,  PQ  >  4.0  atm.,  ei:e  rate  asymptotes  to  a  zero  order  limit,  Again,  the  data 
contained  in  Figure  8  are  In  good  accord  with  the  prediction  given  by  Eq  (9).  The  separate  results 
obtained  for  the  -channel  black  and  the  furnace  black  indicate  ibat  the  specific  surface  reaction  rate  is 
independent  of  the  particle  size. 

VS.  DISCUSSION  AND  CONCLUSIONS 

In  the  light  of  the  foregoing  discussions  and  the  extensive  ^hock-tube  measurements  of  soot 
oxidation  rates  presented  in  the  previous  Section,  we  mc>  conclude  that  Radcliffe  and  Appleton's 
proposition  that  the  surface  mechanisms  for  oxidation  of  pyrolytic  graphite  and  those  for  soot  ore  the 
same  is  correct,  and  that  the  rates  may  be  adequately  predicted,  given  the  temperature  ana  oxygen  partial 
pressure,  using  the  semi-empirical  formula  proposed  by  Nagle  and  Strickland-Constable.  It  thu3  appears 
that  we  have  a  reliable  method  of  estimating  soot  oxidation  rates  which  is  suitable  for  use  in  engineering 
design  and  performance  studies  of  practical  combustion  systems. 

In  tt.Bir  article  on  jet  aircraft  pollutant  production,  Heyvoorf,  Fay  and  Linden  [22}  investigated 
the  problem. c£  soot  bura-up  and  nitric  oxide  formation  using  a  simple  plug-ficv  model  of  the  combustion 
and  nixing  processes  to  represent  the  flow  in  a  gas-turbine  combustor.  With  the  aid  of  this  model  they 
were  able  to  calculate  the  mean  temperature  and  composition  of  tht  flow  as  a  function  of  the  mean  fuel:air 
equivalence  ratio  along  the  cosbustor  length,  on  the  assumption  that  all  the  major  spe-ics  were  present  in 
their  local  equilibrium  proportions  and  that  there  was  no  heal  loss  to  the  combustion  chamber  wa’ls. 

Figure  9  shews  the  results  of  this  simple  calculation  for  u  combustor  which  is  supplied  with  compressor 
at  700  ar.d  kerosejns  fuel,  ouch  that  the  mean  primary  zo:.t  equivalence-  ratio  was  1.2  and  the  coxhusticQ 
chamber  pressure  was  15  ata. 


Sow  the  surface  recession  rate  of  a  spherical  soot  paiticls  may  ho  written,  using  Eq  (16),  in 
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Thus,  with  the  aid  of  a  suitable  expression  for  the  specific  surface  reaction  ravs,  such  as  5q  (9),  the 
surface  recession  rata  can  easily  be  calculated  'com  Bq  (20)  arid  the  temperature- and  composition  history 
given  in  figure  9,  Figure  10  illuatrotesthe  y^riacicns  in  the  surface  recession  rate  u  a  function.of 
atari,  equivalence :  ratio  'for  three  different  methods  of  correlating  end  extrapolating  the  soot  oxidation 
rate  data.  It  is  apparent  that  the  single  extrapolations  of  the  Lee,  Tbring  arid  Beer  and  the  Feriieore 
and  Jones  date*" to  the  combustor  operating  conditions  lead  to  gross  ove»ati*ates  of  the  soot  burn-up  rate, 
iridetd,  Haywood,  at  al.  concluded  thar  on  the  batls  oftheLce,  Thriog  and  Beer  correlation  foroula,.  soot 
particles  vith  initial  disaster*  less  than  shout  0.4  urn  would  t>e  completely  consumed  in  the  conb nation 
dumber- before  they  entered  the  jet  exhaust.  Since  a  distteter  of  0.4  yai  is,  typically,  about  a -factor  of 
ten  tine?  larger  than  the  diameters  of  nonlggregated  scot  particles  produced  in  flames,  Haywood  suggested 
that  for"  soot  particles  to  be  observed  in  gas-turbine  exhausts  (set,  for  example,  [29-31]),  they  trcuild 
need  to  spend  wet  of  their  tins  travelling  in  She  relatively  cooler  regions  of  the  cosfcustion  chamber 
rieaf  the  Inner  liner. 

Sitiilar  coan>der*tiona  [14]  based  on  the  Hagle  and  St rickla^d-Cona table  oxidation  rate  formula 
indicate  that  only  particles  with  diameters  less  than  about  0.04. ya  would  be  totally  consumed  in  tiie 
combustion  chamber.  Since  this  is  typical  of  the  expected  initial  sire  of  the  soot  particles,  it  would 
appear  that  If  the  simple  plug-fa  my  twdel  for  mixing  arid  combustion  in  the  chamber  is  realistic,  complete 
burn-up  of  the  soot  is  only  a  marginal  process.  In  fact,  the  simple  plug-flow  model  doea  not  provide  an 
accurate  repreientation  of  the  combustor  flow  since  it  tabes  no  account  of  the  inhoaogeneities  in  the 
composition  and  the  tespercture  which  are  caused  by  turbulence.  It  is  known  that  the  mean  nonequilibriua 
levels  if  nitric  oxide  arid  carbon  monoxide  produced  in  eombuatore  [32  ,  33)  are  dependent  on  the : turbulent 
mixing  intensities)  consequently,  we  anticipate  that  soot  burn-up  is  similarly  affected  by  turbulence  [21]. 
However,  i :  is  to  be  noted  from  Figure  10,  that  the  maxi  turn  in  the  surface  recession  rate  of  the  soot 
particles,  i.e, ,  17  yn  aec.*1 ,  occurs  ht  a  local  mean  equivalence  ratio  of  about  0.73;  therefore,  we  might 
nxpect  that  the  visibility  of  Jet  exhausts  could  be  reduced  by  contr-.O  '•  'ng  the  addition  of  secondary  air 
t'o. as  to; prolong- the  residence  time,  of  the  soot  particles  at  this  mean  -Addition.  He  note  that  the 

rate  ot srltric’oxide  formation  occurs; when  the  equivalence  ratio  is  close  to  unity  [22],  thus, 
prolonging  the  residence  time  at  lower  equivalence  ratios  (-0.75)  should  not  cause  significant  increases 
in  ihe  amission  of  nitric  oxide.  V 
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Figure  9.  Calculated  m *au  temperature  and 
composition  of  casfcuator  flew  cs  a  function  of 
mean  equivalence  ratio  and  residence  time  [22). 


Figure  10.  'Surface  recession  rate  of  soot  particles 
as  a  function  of  mean  equivalence  ratio  for  three 
different  methods,  of  extrapolating  the  soot  oxidation 
rate  data. 


*F«ni*VJre  and  Joses'  data  wet*  extrapolated  by  Haywood,  et  al.  using  the  formula: 

tji  i  12.7  Pqj./X1^  gsucs.^sec."* 
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Discussion  on  Paper  20 

“Soot  Oxidation  Kinetics  at  Combustion  Temperatures” 
presented  by  J.P.Appleton 


5.M.Be£r:  This  is  a  paper  with  a  valuable  critical  survey  and  it  argues  convincingly  the  case  that  the  rate  equation 
for  soot  oxidation  be  based  on  that  developed  for  pyrographite  oxidation.  Professor  Appleton  refers  to  data  by 
Lee  Thring  and  Beer  stating  that  the  first  order  dependence  found  is  “probably  not  justified”,  i  disagree.  Lee’s 
data  were  obtained  under  closely  controlled  experimental  conditions.  The  data  showed  clearly,  within  the  range 
tested, (0  04  U.l  atm),  a  iir.ear  dependence  of  the  specific  rate  of  combustion  of  soot  upon  oxygen  partial 
pressure.  The  implied  rate  determining  step  was  activated  adsorption  and  it  was  emphasised  in  the  paper  that  the 
rate  equation  was  not  considered  to  be  va!  itside  the  ranges  cf  variables  tested.  If  an  activated  adsorption  step 
controls  the  overall  rate  it  can  be  expected  that  the  reaction  order  should  decrease  to  fractional  and,  possibly,  to 
zero  crier  as  the  pressure  increases  and  thus,  the  number  of  active  sites  for  adsorption  become  gradually  occupied. 

The  good  agreement  of  experimental  data  with  a  rate  equation  of  fractional  orler  at  high  temperatures  and 
pressures  does  not.  therefore,  provide  evidence  to  suggest  that  the  firs:  oiuer  dtpenlence  of  Lee  et  al’s  rate  equation 
is  not  correct. 

J.P.Applefon.  Our  primary  purpose  in  carrying  out  the  shock-tube  study  was  to  esta>  the  rats  law  fot  ti.e 
oxidation  of  soot  at  the  higher  combustion  temperatures  typical  of  gas  turl  ae  <.ombth..on  chambers,  see  Figure  J. 
Unfortunately,  with  the  limited  hot  gas  residence  times  availal-le  to  u<  ir,  ou.  shock-tube  it  was  not  possible  to  make 
measurements  of  the  much  slower  soot  oxide  “on  rates  obtained  at  temperatures  below  about  1?00°K,  i.e.,  in  the 
temperature  range  c.'^riaps  that  of  the  Lee,  Tfcrhig  and  Beer  data. 

In  the  light  .  0  Pro>*«er  Deer’s  reassertion  that  the  Lee.  Thring  2nd  Bedr  measurements  clearly  showed  a  first 
order  dependence  of  the  rate  on  the  oxygen  partial  pressure  ovei  their  range  of  conditions,  we  must  conclude  that 
the  Nagle  and  Strickland  Censin'  formula  does  not  provide  an  adequate  correlation  of  soot  oxidation  rates  at 
lower  temperatures.  Although  it  might  be  possible  to  choose  values  of  the  empirical  parameters  appearing  in 
Equation  (9),  which  would  bring  the  high  temperature  shock-tube  measurements  and  the  Lee,  Thring  and  Bedr 
measurements  into  better  acco-d,  it  would  then  be  difficult  to  explain  Feniipore  and  Jones'  lean  flame  results 
unless  one  were  to  invoke  the  possible  importance  of  the  OH  radical  as  did  Femmore  and  Jonts. 

M.Barrdre:  You  say  that  it's  necessary  to  increase  the  length  of  the  emission  zone  to  burn  out  the  soot  but,  if  you 
ik.  his.  jc u  increase  nitm.  oxide  formation.  This  may  be  a  problem  in  future  combustors  with  higher  temperatures. 

J.P.Appleton:  For  adiabatic  cc.nbusiicn  conditions,  the  maximum  in  the  rare  of  formation  of  nhne  oxide  occurs 
at  a  fuel  air  equivalence  ratio  of  about  unity  (see  Figure  3,  Paper  2!  by  Hcywood  and  Mikus),  whereas,  according 
to  the  simple  plug  fiow  model  of  the  combustion  and  mixing  processes  in  a  typical  gas  io.hii.c  comLu'.tiei!  rhember, 
the  maximum  in  the  soot  burning  rate  occurs  in  the  secondary  combustion  zone  where  the  nuar  fur’  .',r  equivalence 
ratio  has  fallen  to  about  3.75  see  Figure  10.  At  this  condition  the  rate  of  formation  of  nitric  oxi.te  has  fallen  by  at 
least  one  order  of  magnitude  below  its  maximum  value,  i the  ni*ric  oxide  formation  ,Lemistry  .s  effectively  frozen, 
therefore,  p.olong’ng  the  fimd  particle  residence  time  a:  this  condition  should  f<.c!nt..:c  son!  bun.  up  without  signifi¬ 
cantly  increasing  the  total  amount  of  nitric  oxide  formed! 
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SIDKARV 

Kitric  oxide  forma  in  the  primary  roa»  of  gas  turbine  combustors  where  the  burnt  gas  composition 
is  dose  to  stoichiometric  cod  gas  temperatures  are  highest,  It  has  been  found  that  combustor  air  in'et 
condi cionn,  mean  primary  zone  fuel-air  ratio,  residence  time,  and  the  uniformity  of  the  primary  zone  arc 
the  aobt  important  varicbles  affecting  nitric  oxide  emissions.  Relatively  simple  models  of  the  flow  in  a 
gas  turbine  cosbustor,  coupled  with  a  rate  equation  for  nitric  oxide  formation  via  the  Zeldovich  mechanise 
are  shown  to  correlate  the  variation  in  measured  NO^  emissions.  Data  from  a  nuuber  of  different  combustor 
concepts  are  analysed  and  shown  to  be  in  reasonable  agreement  with  predictions.  The  MO  forcaLicn  model 
is  used  to  assess  the  extent  to  which  an  advanced  cocbustor  concept,  the  NASA  swirl  can*  has  produced  a 
lean  well-mixed  primary  zone  generally  believed  to.be  the  best  low  NO^  emissions  burner  type. 


1.  INTRODUCTION 

With  the  grc-Sth  in  air  traffic,  ana  the  trend  to  bigger  and  higher  pressure  ratio  gas  turbine 
engines,  aircraft  emissions  of  oxides  of  nitrogen  {NO  )  are  expected  to  Increase  greatly  over  the  next 
decade.  Recent  estimates  suggest  that  by  1980,  in  •‘he  absence  of  emissiun  controls,  NO  emissions  will 
increase  above  their  1970  values  by  a  factor  of  2.2  at  O’Kare  Airport,  2.9  at  John  F.  Kennedy  Airport  and 
4.5  at  Los  Angeles  International  Airport (3-1 .  As  a  consequence,  the  C.S.  Environmental  Protection  Agency 
has  proposed  NO^  emission  standards  for  aircraft  turbine  engines  for  January  1,  1979(2),  ir.  addition,  the 
effect  oi  NO^  emissions  fras  a  fleet  of  SST’s  in  the  stratosphere  on  the  ozone  layer  is  a  topic  of 
intensive  study  and  debated) .  There  is  an  urgent  need  to  understand  the  factors  governing  SO  emissions 
from  aircraft  gas  turbine  engines,  an.  use  that  understanding  to  ov’—lop  combustor  designs  wltii  much 
rcdU-wd  enlonions. 

It  is  well  known  that  jet  aircraft  NO  emissions  are  most  important  at  high  engine  power  settings 
Thus  take-off  and  landing  are  the  primary  operating  codes  of  concern  for  subsonic  aircraft.  For  the  SST, 
K0X  emissions  during  cruise  in  '..re  stratosphere  are  cf  greatest  concern.  Experimentally  it  has  been  found 
that  increases  in  cosbustor  a.:  inlet  temperature  and  pressure,  and  thus  engine  compressor  pressure  ratio, 
increase  SO  emissions.  For  n  given  engine  operating  condition,  it  is  known  that  the  fuel  injection 
~r~\  qua,  the  geometry  of  the  combustor  liner,  and  the  prei.sure  drop  across  the  liner  all  affect  NO 

emissions  (••)  (5).  x 

The  oxides  of  nitrogen  which  leave  the  engine  ore  nearly  all  nitric  oxide,  NO,  with  only  a  few 
percent  nitrogen  dioxide,  SO^*  Several  models  for  predicting  the  formation  of  NO  Inside  actual  gaa 
turbine  combustors  have  already  been  developed (6)-(l0).  These  models  have  established  that  the  exhaust  NO 
concentration  depends  on  rate-limited  reactions  occurring  in  the  burning  gases  in  the  high  temperature 
-vnes  of  the  cosbustor.  As  additional  air  is  mixed  with  the  combustion  products  to  cuol  the  gases  before 
i-itry  to  the  turbine,  the  NO  formation  chemistry  freezes.  After  this  point,  the  NO  concentration  only 
changes  due  to  dilution.  In  this  paper,  we  will  review  how  NO  is  formed  in  aircraft  gas  turbine  combustors 
and  relate  the  combustor  design  parameters  listed  above  to  the  thermodynamic  ,ai laoles  which  control  the 
NO  formation  process.  < 

He  vIJi  then  show  that  relatively  simple  models  which  include  only  the  major  parameters  affecting 
NO  formation  can  be  used  to  predict  HO  ^  emissions.  The  agreement  obtained  to  date  with  predictions  from 
such  model *>  and  experimental  data  from  conventional  combustors  will  be  reviewed.  This  type  cf.  node!  is 
then  applied  to  the  NASA  swirl  can  comjuntor^^.)  ^nd  it  is  shown  why  this  concept  offers  a  significant 
reduction  in  SO  emissions.  To  illustrate  the  usefulners  of  such  models,  predictions  are  then  made  for 
a  swirl  car.  combustor  at  take-off  conditions  for  a  JT9D  or  CF-6  engine. 

Cur  intent  in  this  review  Is  to  demonstrate  that  simple  models  of  the  type  we  describe  can 
predict  NO  emissions  with  sufficient  accuracy  to  ba  useful  in  the  design  process.  The  model  can  be  used 
to  extrapolate  test  data  from  a  combustor  on  a  test  stand  to  actual  engine  operating  conditions.  By 
identifying  the  key  design  parameters  uhich  affect  NO  formation,  and  quantifying  the  effect  on  emissions 
of  changing  these  parameters,  such  redds  can  provide  a  structure  tor  a  cowhustor  development  program. 

VXth  these  goals  our  emphasis  will  be  c.  relatively  simple  models  which  can  easily  be  adopted  to  different 
types  of  combustors. 

The  results  presented  here  some  from  our  own  group  at  M.l.T.  (7)  (12)  (13)  nn(j  from  work  at 
Northern  Research  and  Engineering  Corporation^)  (8) ,  As  a  result  of  close  collaboration,  the  models 
developed  by  these  groups  are  conceptually  similar  and  differ  only  in  detail.  The  two  groups  have  also 
analyzes  different  types  of  cosb-istors,  and  an  extensive  modal  '.valuation  can  therefore  be  carried  out. 

2.  MODE’.  INSCRIPTION 

2.1  CoBbuator  Flow  Chatenerisr  1  .a 

Most  ot  ths  models  ,-ropoatd  fer  predicting  SO,  emissions  from  combustors  contain  two  pares.  The 
first  is  a  kinetic  scheme  tor  rrf .  ..side  formation,  developed  f •■"=  a  plausible  physical  description  of 


the  turbulent  1  .line  structure  within  the  primary  combustion  region.  The  second  part  is  a  fluid  mechanic 
model  which  couples  the  HC  kinetics  to  those  aspects  of  the  flow  field  which  affect  the  NO  formation 
process.  Before  each  of  these  parts  of  the  model  is  discussed  in  detail,  the  general  nature  of  the  flow 
in  a  conventional  combustor  will  be  reviewed. 

Tha  main  features  of  the  flow  in  a  conventional  annular  jet  engine  combustor  are  shown  in  Figure 
1.  Soil,  can  and  annular  combustors  can  be  divided  roughly  into  two  parts,  a  primary  and  a  secondary  zone. 
In  the  primary  zone,  a.,  nigh  power  conditions,  about  90  percent  of  the  fuel  is  burnt  and  the  mesa  fuel-air 
retie  is  slightly  rich  of  stoichiometric  (equivalence  ratio  between  about  1  and  1.5).  TP  reduce  gas 
temperatures  to  an  acceptable  level  at  turbine  inlet,  the  overall  equivalence  ratio  must  be  reduced  to 
about  0.25.  Thus  only  20  to  25  percent  of  the  total  combustor  airflow  enCerR  the  primary  zone. 

Figure  1  indicates  schematically  tha  mean  flow  pattern  in  the  combustor.  Though  a  mean  flow 
pattern  in  ar.y  given  combustor  is  discernible  from  water  analog  studies,  substantial  fluctuations  and 
unsheadyness  occur.  In  the  primary  zone,  the  swirler_air  and  the  air  jets  through  the  first  row  of  holes 
set  up  the  recirculating  flow  pattern  which  stabilizes  the  flaDe.  ‘rnese  air  jets  a.sss  vigorously  oi:t  the 
primary  zone  gases  to  obtain  adequate  distribution  of  the  fuel. 

In  the  secondary  zone,  the  remaining  air  is  mixed  with  the  primary  zone  combustion  products  to 
cort/lece  combustion  of  the  fuel,  and  cool  the  gas  stream  to  the  temperature  distribution  required  at 
turbine  inlet.  Aoout  two-thirds  of  the  secondary  zone  air  enters  the  combustor  transverse  to  the  internal 
flow  through  large  holes  in  the  liner  and  mixes  in  the.  bulk  of  the  flow.  About  one-third  of  the  secondary 
zone  air  enters  parallel  to  the  liner  through  slots  to  film  cool  the  combustor  walls.  The  flow  is 
primarily  unidirectional. 

i.2  Kinetics  of  Nitric  Oxide  Formation 

At  the  temperatures  and  equivalence  ratios  found  in  all  types  of  burners,  NO  forms  via  the 
extended  Zeldovich  mechanism: 


0  +  H2 

* 

NO  +  N 

(1) 

N  +  02 

* 

NO  +  0 

•  '■  (2) 

N  +  OH 

# 

NO  +  H 

(3) 

Reaction  (1)  is  endothermic  left  to  right  and  relatively  slow.  Reactions  (2)  and  (3)  are  exothermic  and 
fast.  In  the  absence  of  dilution  the  rate  of  change  of  NO  concentration  in  a  fluid  element  of  volume  V  is 

1  |(NOIv  _  ^  JOHN,]  -  k_x  (KOJIN)  +  k2[N][02J 

-  k_2{N01(0]  +k3(N](0H]  -  k_3!:iO)(H)  (A) 

where  (  1  'enotc  concentrations  in  gram  *»les/cnJ,  and  are  the  forward  and  reve-se  rate  constants  of 
tne  tth  reaction-. 

Before  equation  (A'  can  be  used  to  calculate  NO  formation  rates,  two  questions  must  be  resolved: 

(i)  the  method  for  calculating  (N),  and  (ii)  the  method  for  calculating  [0],  (0_J,  an8  Wl*  T*'-c 

concentration  is  essentially  constant.  The  appropriate  assumptions  depend  cn  the  pressure,  temperature 
and  atomic  composition  of  the  system  being  analyzed.  We  are  concerned  here  with  typical  gas  turbine 
combustor  conditions,  i.e.  pressures  -  15  atm,  peak  temperatures  -  2500  °K,  residence  tines  at  these 
peck  conditions  -  3  msec,  equivalence  ratio  for  hydrocarbon  -  air  combustion  between  about  0.7  and  1.3. 

Since  the  N  atom  mole  fraction  is  of  order  10-8,  the  steady  state  approximation  is  usually  made 
for  (N).  This  i3  a  standard  procedure  in  treating  reacting  mixtures  wherever  a  species  is  present  in  very 
small  amounts  compared  vlth  species  of  interest. 

The  second  question  of  the  radical  and  02  concentrations  is  more  complex,  and  a  model  for  the 
flame  front  in  thn  combustor  must  be  formalized  before  appropriate  assumptions  can  be  mads.  Heywood(13) 
end  VescenbergO-^  have  justified  the  assumption  that  under  appropriate  conditions,  tha  0,  02,  OH  and  K 
concentrations  are  the  equilibrium  values.  Tne  argument  can  be  summarized  as  follows. 

In  a  prefixed  one-dimensional  flame,  there  is  a  thin  initial  reaction  zone  where  radicals  are 
generated  and  react  with  the  hydrocarbon  fuel.  Host  of  the  temperature  rise  occurs  in  this  zone.  This 
region  is  followed  by  a  thicker  zone  where  CO  is  oxidized  to  C02,  and  radicals  present  in  greater  than 
equilibrium  concentrations  recombine  through  ccrmolecular  reactions.  If  the  NO  formed  in  this  nonequilibrlus 
region  is  much  leas  than  the  amount  formed  downstream  of  the  flame,  then  the  0,  OH,  H  and  02  equilibrium 
assumption  is  a  reasonable  approximation.  Ve  have  recently  completed  studies  of  CO  equilibration  in  the 
flame  zone  at  pressures,  temperatures  and  equivalence  ratios  typical  of  a  combustor  primary  rune  1^1 , 

These  studies  show  that  equilibration  times  are  less  than  10~4  sec.  (for  equivalence  ratios  vvtweon  0.7 
and  1.3)  which  is  much  lets  than  typical  primary  zone  residence  times,  end  that  the  effect  of  radical 
concentrations  above  equilibrium  values  will  not  be  significant  on  NO  formation.  The  amount  of  '50  formed 
in  the  reaction  zona  of  the  flame  is  small  compared  with  the  amount  formed  downstream  of  the  flame  st  gas 
turbine  combustor  conditions. 

With  these  assumptions  for  (Nj ,  and  (0J,  (0HK  10^ ]  and  (H]  equation  (4)  can  be  rearranged  to 


give  (12) 


.2. 
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where  {KOt  is  the  nitric  oxide  Bass  fraction;  is  the  molecular  weight  of  HO,  p  is  the  gas  density, 
a  is  lH0}/{H0)e  and  subscript  e  denotes  the  equilibrium  value,  Is  the  one-way  equilibrium  reaction  rate 
for  reaction  (i)  (e.g.  R^  “  »  k_jtH]elNO]e)  and  K  «  Rj/ (?k2  +  *3'*  Expressions  for  the  rate 

cnnstanto  for  rasctljns  (1)  -  (3),  and  typical  values  tor  R^,  R^,  ?<3  and  K  are  given  in  Table  1. 


TABLE  i 

1 

| 

l  . 

r 

Values,  of  One-way  Equilibrium  Reaction  Ratos 

lor  Extended 

Zeldovich  Mechanism  j 

t 

1  ' 

(T  »  2500  *K,  p  «  10  atm,  $  “  1.0) 

**  1 

Ri  j 

? 

c 

n 

rate  const, , 

ref. 

1.4  x  101A  exp(-?5,400/RT) 

(16) 

2.1  x  Iff5  ] 

i 

i 

R2  6.4  x  109  T  exp(-6250/RT) 

(16) 

5.5  x  i(f6  ] 

l 

!  ,  . 

R.(  4.2  x  1013 

(17) 

2.9  x  10-5  •  j 

1 

[ ' 

K  -  R1/(R2  +  R,) 

0.61  ] 

!  - 
1 

«  3  -1  _1 

units:  cm  nole  sec 


**  _3  _i 

units:  sole  cm  sec  ,  except  K. 


Since  K  is  of  order  1,  fer  [HO]  «  [NOjc  (i.e.  a  1)  the  rates  of  reactions  (2)  and  (3)  have 

/ides  a  fast  path  to  convert  the  H  aton 


little  effect  on  the  HO  foreation  rate.  Either  reaction 
produced  in  reaction  (li  to  HO 

formation  rate,  for  lean  mixtures  Rj  -  R^,  and  the  inclusion  of  reaction  (3)  makes  little  difference. 


As  (NO]  approaches  INO)c  '  ^  value  of  K  starts  to  affect  the  HO 


For  rich  mixtures  R^  »  K^. 


Heywood(13)  has  shown  that  the  omission  of  reaction  (3)  from  the  scheme 


results  in  an  under escinate  of  the  NO  formation  rate  by  a  factor  of  2  for  a  stoichiometric  mixture  with 

a  »  0.5. 


Equation  (5)  shows  that  the  SO  formation  rate  depends  only  on  the  pressure,  temperature,  atcaic 
composition  and  HO  concentration  downstream  of  the  thin  flame  z-r.e.  SO  profiles  calculated  with  equation 
<5)  as  a  function  of  time  downstream  of  a  one-dimensional,  flame  for  a  stoichiometric  mixture  are  shown  in 
Figure  2.  Since  primary  zone  residence  times  are  of  order  3  msec  and  peak  temperatures  -  2500  ®K,  we 
would  not  expect  SO  concsntrations  to  reach  equilibrium  levels  within  the  high  temperature  zone  of  a  gas 
turbine  combustor. 


Changes  in  equivalence  ratio  at  a  given  temperature  do  not  change  the  time  required  to 
equilibrate  Soft2)t  bvit  do  substantially  change  the  formation  rate  as  shown  In  Figure  3.  The  gas  turbine 
combustor  is  essentially  adiabatic;  the  local  flame  temperature  therefore  depends  only  on  the  inlet  air 
conditions  and  the  local  equivalence  ratio.  The  dashed  line  in  Figure  3  indicates  the  path  a  burnt  gas 
eddy  or  pocket  would  follow  as  it  is  dilut' J  in  its  passage  through  the  combustor.  HO  formation  rates 
peak  sharply  at  $  »  1.0,  and  rapid  freozin..  ,f  the  K0  forming  reactions  occurs  as  the  mixture  is  then 
leaned  out.  Obviously  those  regions  of  the  combustor  where  the  burnt  gas  composition  is  close  to 
stoichiometric  are  the  regions  where  Dost  of  the  HO  is  forced. 


2.3  Fluid  Mechanic  Models 


To  develop  a  fluid  mechanic  modal  for.  the  primary  zone,  wn  must  now  relate  this  description  cf  a 
preatxed  one-dimensional  flame  to  the  fifine  structure  in  a  conventional  gas  turbine  combustor.  Fuel  an  a 
liquid  spray  and  ait  enter  the  primary  zone  separately  in  approximately  stoichiometric  proportions.  The 
fuel  droplets  vaporize  as  they  cove  relative  to  the  primary  zone  gases  in  a  tiae  of  order  2  msecMS) 
leaving  fuel  vapor  rich  uakes  which  then  mix  with  air  and  already  burnt  gas  and  bum.  Miring  of  fuel  and 
air  to  a  uniform  equivalence  ratio  would  not  ba  expected.  As  the  fuel  droplets  vaporize,  fuel  vapot  and 
air  six  and  form  turbulent,  eddies  or  pockets  of  combustible  mixture  with  a  wide  range  of  fuel-sir  tatios. 


High  speed  movies  or  liquid  fueled  coabustovs  and  bv  net!,  suggest  that  the  thin  flame  fvont 
model  described  above  is  still  applicable.  In  aurh  combusto., z  both  r.oniuminous  flame  fronts  propagating 
through  addles  of  fuel  vapor  and  air  which  ace  essentially  premixed,  and  soot  forming  luminous  flames 
surrounding  rich  fuel  vapor  air  eddies  can  be  observed  .lc ' .  Such  an  unsteady  turbulent  flame  structure 
would  be  expected  in  the  vigorouslv  stirred  primary  zone  ’."here  fuel  and  air  enter  separately.  As  each 
eddy  containing  fuel  vapor  and  air  ignites,  cither  a  thi„  flame  front  will  propagate  through  the  eddy,  or 
envelope  and  consume  the  eddy,  depending  on  the  local  fuel-air  ratio  and  eddy  size.  Both  "prcaixed"  and 
"diffusion  controlled"  burning  would  be  expected.  As  a  consequence,  burnt  gas  eddies  are  produced  with 
«  distribution  in  fud-air  ratio  about  the  mean  primary  zone  value.  This  distribution  will  change  with 
time  as  these  eddies  mix  with  each  other,  and  with  dilution  air,  through  the  action  of  turbulence  and 
molecular  diffusion.  One  expects  the  details  of  the  fuel  injection  process  (which  determine  droplet  sizes 
and  the  distribution  of  droplets  within  the  primary  zone)  and  the  air  flow  pat'em  (which  determines  the 
mixing  intensity)  to  effect  both  the  initial  spread  of  the  eddy  fuei-air  ratio  distribution  end  its  change 
with  tits*.  This  physical  description  of  the  combustion  process  is  the  basis  for  the  txdel  we  will  now 
describe. 


Several  flow  models  for  gas  turbine  cosbuftors  have  been  presented  In  the  open  literature 
(10)(2G)  and  (21).  These  have  recently  been  reviewed  by  Mellcr(lS).  ye  will  concentrate  or.  the  simplest 
rode),  which  has  beer,  compared  extensively  with  experimental  data.  In  this  tadel,  developed  by  Fletcher 
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and  BeywcodW  sad  the  authors^),  no  attempt  Is  made  tf.  describe  the  details  of  the  turbulent  flow  field. 
The  primary  tone  of  the  coabustcr  Is  treated  as  „  partially  stirred  reactor.  It  is  assumed  that  the  fuel 
and  air  which  enter  the  primary  tone  are  rapidly  dispersed  throughout  the  tone  to  form  discrete  fluid 
elements  or  eddies  of  a  scale  small  compared  with  coaburtor  dimensions.  We  will  assume  these  eddies  arc 
uniformly  dispersed  throughout  the  tone  volume.  and  after  combustion  the  gas  within  eech  eddy  remains 
essentially  together  throughout  its  residence  time  in  the  primary  zone.  For  such  a  partially  stirred 
reactor  model  it  can  be  shown  that  the  fraction  of  the  flow  with  residence  tine  between  t  and  t  +  dt  is 
given  by  ^(e)'*t  where 

t^(t)  «  (1/t)  exp(-t/T)  (6) 

and  t,  the  mean  residence  tics,  is  the  primary  zone  volume  divided  by  tne  voluae  flow  rate  of  burnt  gas 
out  of  the  zone. 

But  since  the  fuel  and  air  are  not  ntfcrmly  nixed,  different  burnt  gas  elements  will  have 
different  average  equivalence  ratios  during  their  residence  tine  in  the  primary  zone.  A  Gaussian 
distribution  about  the  mean  equivalence  ratio  $  (or  mean  fuel  mass  fraction  which  is  almost  equivalent^)) 
is  assumed;  i.o.,  the  fraction  of  the  flow  with  equivalence  ratio  (or  fuel  fraction)  between  and  <j>  +  df< 
is  given  by  f($)d$  where 

f($>  -  (l/o^expRo  -  $'2/2o2]  O) 

and  a  is  the  standard  deviation.  A  mixing  parameter  s,  where 

s  -  o/$  (8) 

is  used  as  a  measure  of  the  nonuniferaity  of  the  primary  zone;  s  “  0  corresponds  to  perfect  mixing-  The 
Man  primary  zone  equivalence  ratio,  $  ,  is  determined  from  the  fuel  ind  a:  -  flows  into  the  primary  zone. 
Approximate  correlations  are  availabiepfcr  estimating  the  f.  action  t  of  the  fuel  entering  the  primary  zone 
which  burns  there ^2) .  Techniques  have  been  developed  for  ettifoiJr.g  the  ait  flow  distribution  within  the 
combustor  lir.or(23). 

Tne  importance  of  characterizing  the  uniformity  of  mixing  is  shown  in  Figure  4.  Mean  NO  formation 
rates  (for  (NO)  «  {NO}^)  are  shown  as  a  function  of  mean  primary  zone  equivalence  ratio  for  combustor  air 
inlat  conditions  of  843  °K  and  24.1  ata  for  e  “  0,  0.25  and  0.5.  For  stoichiometric  mixtures,  the  mean 
SO  formation  rate  is  substantially  reduced  as  the  primary  zone  becomes  less  uniform;  for  rich  (<J>  >  1.1) 
end  lean  ($  <  0.8)  the  mean  SO  formation  rate  is  substantially  increased.  Hoc;  that  the  peak  NO  formation 
rate  shifts  to  the  lean  side  as  s  increases. 

The  remainder  of  the  combustor,  the  seccndary  zone,  is  usually  treated  as  a  one  dimensional  flow 

with  air  add* 'ion.  The  importance  of  this  zone  in  predicting  exhauvt  NO^  emissions  depends  on  the  mean 

primary  zone  fuel-air  ratio  Where  cost  of  the  primary  zone  flow  is  stoichiometric  or  lean,  addition  of 

dilution  air  cools  the  burnt  gases  close  to  the  primary  zone  exit  ar.d  rapidly  quenches  the  NO  forming 

roacti.-iu.  as  indicated  in  Figure  3.  Mikus  and  HeywoodC?)  in  their  treatment  of  this  type  of  burner  made 
the  reasonable  assumption  that  the  effect  of  the  dilution  air  at  the  start  of  the  secondary  zone  is  to 
quench  immediately  the  NO  forming  reactions.  The  NO  mass  fraction  at  burner  enit  is  Just  the  mean  NO  macs 
fraction  at  primary  r-ue  exit  tines  the  ratio  of  primary  zone  mass  flow  rate  to  total  mass  flow  rate. 

If  a  substantial  part  of  the  primary  zone  flow  is  fuel  riel,  ibis  simplifying  assumption  is  no 
longer  valid.  As  rich  burnt  gas  eddies  mix  with  dilu-ion  air  nr  leaner  eddies  and  pass  through  the 
stoichiometric  fuel  air  ratio,  NO  formation  rates  peak  as  shown  in  Figure  3-  The  rate  of  dilution  is 
thcr/fore  an  important  parameter. 

The  approach  taken  by  Fletcher,  et  al.(6)(8)  uas  l0  Spttr.ify  the  change  in  mean  fuel  mass  fraction 

F  (F  «  mass  fuel/ total  mass)  and  mixing  parameter  s  along  the  length  of  the  secondary  zone  as  eddies  of 

diluting  air  and  burnt  g<«3es  mix  and  react,  and  any  fuel  not  burnt  in  the  prioajy  zone  is  consumed.  A 

simple  eddy  mixing  model  was  used  to  take  account  of  changes  in  NO  concentration  due  to  mixing.  Since  in 

typical  aircraft  turbine  cccbustors.  the  NO  concentrations  in  the  stoichiometric  regions  of  the  combustor 
are  about  one  third  or  less  of  the  equilibrium  level,  changes  in  local  NO  concentration  due  to  mixing  have 
little  effect  on  the  NO  formation  rate  (see  equation  (5)).  fhe  mean  equivalence  ratio  profile  along  the 
length  of  the  secondary  zone  is  determined  from  the  air  flew  through  the  liner.  Ihe  flow  through  film 
cooling  slots  and  dilution  air  holes  in  the  liner  can  be  calculated  using  standard  techniques (23)  and  a 
plot  of  total  mass  flow  in  the  liner  as  a  function  of  length  obtained.  Tne  average  equivalence  ratio 
across  the  cross  section  of  the  can  is  estimated  by  smoothing  this  plot.  The  variation  of  »  along  the 
combustor  is  discussed  more  fully  it}  the  next  section.  Only  the  first  part  of  the  secondary  zone  ($  >  0. 6 
for  a  conventional  combustor)  is  important.  In  the  downstream  section  only  dilution  of  previously  formed 
NO  occurs. 

These  models  have  been  programmed  for  solution  on  a  digital  computer.  Equation  (5}  is  linked 
tfith  a  program  for  calculating  equilibrium  thermodynamic  properties  and  species  concentrations  of  kerosene- 
air  burnt  gas  mixtures  for  given  pressure,  temperature  and  atonic  composition.  Equation  (5)  can  be 
integrated  to  give  (NO)  as  a  function  of  time  fur  any  burnt  gas  element.  Suitable  averaging  over  the 
residence  time  distribution,  equation  (6),  and  equivalence  ratio  (or  fuel  mass  fraction)  distribution, 
equation  (7),  yield  the  average  nitric  oxide  concentration  at  primary  zone  exit.  The  two  distributions 
arc  assumed  statistically  independent.  In  the  dilution  zone,  the  calculation  procedure  follows  burnt 
gas  eddies  of  given  equivalence  ratio  along  the  burner  in  incremental  steps.  The  mean  NO  mats  fraction 
is  found  by  weighting  t:hc  NO  sas3  fraction  in  eddies  of  different  equivalence  ratio  according  to  equation 
(7).  In  each  subsequent  step  along  the  burner,  allowance  Is  made  for  the  change  in  NO  mass  fraction  in 
each  eddy  due  to  six.lr.;  .  '  additional  NO  formed  is  then  computed  for  a  number  of  eddies  of  different 
equivalence  ratio,  ant.  'age  NO  mass  fraction  calculated.  Because  the  eddy  temperature  and  radical 

concentrations  uuea  arc  :  im  values,  they  depend  only  or.  equivalence  ratio  and  initial  air 

conditions.  And  sir.co  {S-;-,  '  ■  y  significantly  less  than  ifCO)  ,  the  effects  of  mixing  (which  changes 

s  and  d)  can  be  accounted  ler  ftis  approximate  calculation  procedure. 
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Pig.  1.  Cross-section  of  typical  annular  gas  turbine 
combustor  shoving  mean  flow  pattern. 
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Fig.  Z.  Calculated  NO  mass  fractions  as  function  of 
time  after  combustion  for  different  temperatures  far 
a  one-dimensional  premixed  flame.  C  Jl.  -air  mixture, 
pressure  10  atm,  equivalence  ratio  1.0.  Dashed  lines 
are  equilibrium  NO  mass  fractions. 
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Fig.  3.  NO  formation  rate,  mass  fraction  per  sec., 
for  a  *  0  »t  a  function  of  teaperature  for  different 
equivalence  ratios  and  IS  atm  pressure.  Dashed  curve 
shows  adiabatic  flame  .temperature  for  kerosene 
combustion  with  700  *K,  15  atm,  air. 
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-g.  4.  Average  NO  formation  rtte  for  nonuni form 
kerosene-air  burnt  mixtures  with  different  mean 
equivalence  ratios  and  mixing  parswsters,  a.  Air 
conditions:  843  *K,  24  ata. 
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3.  MODEL  EVALUATION 

3.1  Sources  of  Uncertainty  In  Model  Calculations 

The  previous  sections  indicate  that  the  important  node!  parameters  are.  air  inlet  temperature  and 
pressure,  Ta  and  pa;  the  mean  equivalence  ratio  of  the  burnt  gases  in  the  primary  zone,  $  ;  the  mixing 

parameter  in  the  primary  zone,  sq;  and  the  rate  of  air  addition  in  the  early  p?rt  of  the  Secondary  zone. 

With  the  exception  of  s,  values  of  these  parameters  can  be  estimated  for  conventional  combustors.  However, 
before  we  examine  the  relationship  of  these  parameters  to  predictions  of  combustor  NO  emissions,  the  major 
uncertainties  in  the  model  will  be  discussed.  x 

The  expresisons  used  for  rate  constants  are  one  possible  source  of  error.  Baplch,  et  il.,^^  give 

an  uncertainty  for  kj  as  listed  in  Table  1  of  ±  a  factor  of  two  up  to  1600  "K  increasing  to  a  factor  of 

four  at  3300  “K.  Examination  of  equation  (5)  shows  that  uncertainties  in  fc,  aoo  k,  are  much  less  Important. 
The  uncertainty  in  {NO/  is  thus  approximately  proportional  to  the  uncertainty  in  kf,  when,  an  is  usually 
the  case,  the  NO  concentration  in  the  highest  temperature  zones  in  the  combustor  do  not  approach  equilibrium 
levels.  The  omission  of  radiation  heat  transfer  is  also  a  possible  source  of  error  in  calculating  the  NO 
formation  rate.  While  a  gas  turbine  combustor  is  regeneratively  cooled  because  the  liner  cooling  air  is 
eventually  nixed  with  bulk  flow,  radiative  heat  losses  from  the  gas  in  the  primary  and  crrly  part  of  the 
secondary  zone  will  reduce  peak,  burnt  gas  temperatures.  In  the  primary  zone,  cost  of  the  radiation  comes 
from  soot  particles  formed  in  fuel-rich  regions  of  the  flame.  Thru  one  expects  error  introduced  by  the 
omission  of  radiation  from  the  primary  and  secondary  zo-e  models  to  be  ta ott  significant  in  combustors  with 
fuei-iich  poorly  mixed  primary  zones.  The  radiation  heat  flux  to  the  liner  wall  will  depend  on  the  flame 
temperature  and  the  amount  of  soot  formed  within  the  flame  cone. 

^p  depends  on  measured  fuel  flow  rate,  estimate1'  air  flow  into  the  primary  zone  and  an  estimate 
of  the  fraction  "f  the  fuel  fed  to  the  primary  zone  whien  -urns  there.  The  latter  estimate  is  the  cost 
suspect,  and  existing  correlations  are  probably  inadequate.  The  correlation^22)  used  by  Fletcher,  et  al.(s) 
relates  the  primary  zone  combustion  efficiency  S  to  the  primary  zone  fuel  load  factor,  af/VpP  ,  where 

Ik  the  fuel  flow  rate,  is  the  primary  zone  volume  and  p  the  pressure  level .  Tht  flame  structure  discus¬ 
sion  in  Section  2.3  suggests  that  the  mixing  characterictlcs  would  also  be  important.  For  the  same  fuel 
load  factor,  a  better  mixed  primary  zone  will  have  a  higher  combustion  efficiency 

The  mixing  parameter  s  must,  as  yet,  be  determined  empirically  by  matching  experimental  NO 
emissions  data.  The  dependence  of  s  on  fuel  injection  and  air  flow  characteristics  is  examined  in  Section 
3.4.  Mare  quantitative  relationships  for  evaluating  a  are  now  bein;j  developed. 

The  quenching  rate  of  the  primary  zone  gases  with  dilution  air,  and  the  rate  of  burr,  up  of  fuel 
which  leaves  the  primary  zone  unburnt  must  also  be  estimated.  Fletcher,  et  al.(3)  carried  out  c  sensitivity 
analysis  to  examine  the  effect  of  variations  in  these  factors  ebout  their  assumed  average  values  and 
concluded  that  possible  errors  are  quite  small  (S  25  percent).  Ihe  fact  that  mixing  with  dilution  air 
does  no  occu  uniformly  i.j  not  important  in  predicting  overall  NO  emissions.  The  additional  NO  formed  in 
burnt  gas  elements  which  are  quenched  more  slowly  than  the  mean  compensates  for  elements  quenched  more 
rapidly  tnau  the  mean  since  the  conbus'oi  is  almost  adiabatic  and  the  local  NO  formation  rate  it  onlv 
weakly  dependent  on  local  NO  concentration. 

A  comparison  of  trodel  calculations  with  measured  NO  emissions  from  several  combustors  will  new 
be  made  tfrovijeo  the  absolute  magnitude  of  the  data  can  be  predicted  within  about  a  factor  of  ±2, 
accurate  prediction  of  Che  trends  in  the  data  is  the  more  important  test  of  model  usefulness.  The 
uncertainties  in  some  model  input  parameters,  and  some  of  the  approximations  made  preclude  any  expectation 
of  more  precise  agreement. 

3.2  Ef fount  of  Air  Fuel  Ratio.  Air  Inlet  Temperature  and  Pressure 

An  e?:tunsive  evaluation  of  the  type  of  model  described  in  Section  2  has  been  carried  out  by 
Fletcher,  er  al.v8)  Two  coobustors  with  different  characteristics  were  tested  over  a  range  of  operating 
conditions,  and  measured  and  predicted  NO  emissions  compared.  Tests  were  carried  out  with  one  operating 
variable  changed  at  a  time  which  does  not  correspond  to  normal  combusts*  operation  in  a  jet  engine,  but 
does  facilitate  model  evaluation. 

Figure  5  shews  measured  NO  concentrations  at  combustor  exit  and  the  results  of  mode!  calculations 
for  two  combustors  A  and  3(8) ,  Each  combustor  was  operated  with  inlet  air  at  85  psia  and  700  °K  and 
esscn.ially  constant  air  flow  rate  over  a  range  of  fuel  flow  rotes.  The  measured  emission  characteristics 
of  the  two  combustors  are  quite  different,  combustor  A  showing  a  more  rapid  decrease  in  emissions  as  air 
fuel  ratio  (AFR)  increases.  The  soils  lines  show  model  predictions  with  constant  values  of  s  and  with 
the  primary  zone  burnt  fuel  fraction  8  given  by  the  correlation  in  ref.  (22).  For  combustor  °B,  the 
so  •  0.’’  line  is  s  good  match  to  the  data  over  the  AFR  range  55  to  130.  For  combustor  A,  the  s  «  0.3 
curve  matches  the  slope  of  the  data  but  fails  below  the  measurements.  However,  as  explained  in°Sect:.'n  3.1 
the  correlation  used  for  8  docs  not  take  account  of  differences  in  primary  zone  mixing  characteristic!',. 
Jackson  and  Odgers,  ir.  thrir  diec.usslon  of  factora  influencing  heat  release,  recognized  the  importance  of 
pressure  loss  factor  on  combustor  efficiency, (22)  but  since  pressure  loss  factor  is  relatively  constant  for 
gas  turbine  combustors  they  developed  n  slrgle  correlation.  For  the  game  fuel  loading  factor  in  the 
primary  zone,  better  nixing  should  Incress,  the  value  of  £ .  Thus  *  'orreiation  for  8  appropriate  for 
a,  "0,3  should  give  higher  values  than  a  correlation  for  a  *  0,7.  The  scatter  in  the  data  used  to 
develop  the  8  correlation  underline  Its  approximate  natuto.  e  was  treated  as  on  adjustable  parameter, (8) 
and  Increasing  8  by  15  parcent  gives  the  daahed  Un*  m  vtguro  5  which  match.' s  the  data  over  the  AFR  range 
50  to  15.  The  idle  NO  emissions  at  an  APR  of  about  1*0  probably  originate  ii  the  pilot  flame. 

The  d.iferont  NO  omiyssw  chrocteriatics  of  these  two  combustors  can  be  explained  as  follovsW. 
Costnutor  B  burns  with  a  rich  ptlmary  zone  for  AFR  less  than  about  70.  Combustor  A  bums  with  a  lean 
primary  sons  tftrrnghout  its  coo  rating  range.  Though  eoi^oustor  A  has  a  small  primary  zone  with  a  higher 
loads-g  factor  than  B,  the  primary  zono  combustion  efficiencies  (between  0.75  and  0.83)  are  similar  since 
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Fig.  6.  Calculated  average  burnt  gas  temperatures  T 
and  equivalence  ratios  6,  and  NO  emission  index  along 
the  length  of  tvo  can  combustors  A  and  3.  A  has  a 
fuel-lean  and  B  a  fuel-rich  primary  zone.  From 
Fletcher  et  al.W 
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Fig.  5.  Comparison  of  measured  and  predicted  NO 
concentrations  at  combustor  exit  for  tvo  can 
combustors  A  and  B  for  a  range  of  overall  air  fuel 
ratios.  Kerosene  fuel,  700  *K,  85  psia  air.  s  is 
primary  zone  mixing  parameter.  yQ  is  fraction  of 
fuel  fed  to  -primary  zone  which  bums  there.  Fr^n 
Fletcher  et  al. (8) 


Fig.  7.  Comparison  of  measured  and  predicted  NO 
concentrations  at  burner  exit  for  combustor  B  for  a 
range  of  overall  air  fuel  ratios  and  air  inlet 
temperatures.  Pressure  is  85  psia.  Predictions  are 
for  *p  *  0.7  and  average  air  dilution  rate.  From 
Fletcher  et  al.  W) 
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A  la  better  mixed. 


This  difference  in  emission  characteristics  is  further  Illustrated,  in  Figure  6  which  shows 
calculated  average  burnt  gas  temperatures,  T.  average  burnt  gas  equivalence  ratio  $,  end  NO  emission  index 
EL.  along  the  length  of  the  two  combustors W.  tlie  KO  emission  index  is  lb  HO/lOQO  lb  fuel.  It  represents 
the  amount  of  KO  formed  upstream  of  any  axisl  position  and  indicates  that  the  HO  chemistry  is  frozen  at 
an  equivalence  ratio  of  about  0.6.  However,  the  HO  concentration  continues  to  decrease  along  the  length 
of  the  combustor  due  to  dilution.  The  conditions  for  each  calculetlon_are  given  in  the  figure  caption. 

As  a  consequence  of  the  partially  stirred  reactor  primary  zone  model,  T,  ?  and  E„  are  constant  within 
the  primary  zone. 


In  combustor  B  at  the  operating  condition  shown  only  one  third  of  the  exhausted  KO  is  formed  in 
the  primary  zone.  Thus  the  rate  of  dilution  of  the  gases  just  downstream  of  the  primary  zone  has  an 
important  effect  on  total  emissions.  In  combustor  A  with  e  lean  primary  zone,  about  two  thirds  of  the 
exhausted  HO  is  calculated  as  originating  in  the  primary  zone.  When  6  is  Increased  as  described  above  to 
obtain  a  better  match  with  Che  measured  data,  a  higher  fraction  of  the  total  HO  originates  in  the  primary 
zone.  Thus  the  rapid  quench  assumption  for  a  combustor  with  a  lean  well  nixed  primary  zone  which  has  been 
used  by  the  authorsC?)  is  e  reasonable  simplification. 

The  results  of  gas  sampling  and  analysis  inside  the  secondary  zone  of  combustor  b(®'  lend  support 
to  these  calculated  profiles.  Although  a  radial  HO  concentration  gradient  was  measured  at  two  axial 
locations  (x  **  3  and  7  inches)  in  the  secondary  zone,  cross  section  average  measured  values  were  in  close 
agreement  with  calculated  mean  values.  The  measured  HO  concentrations  Increase  by  about  a  factor  o.f  2.S 
from  the  edge  of  the  film  cooling  layer  to  the  can  axis.  These  nonuniformities  in  time  averaged  NO 
concentrations  presumably  result  from  nonuniform  dilution  rates  within  the  secondary  zone. 

The  observed  difference  in  HO  emission  characteristics  with  decreasing  load  (increasing  AFR)  for 
combustors  with  fuel-rich  or  fuel-lean  primary  zones  is  consistent  with  the  variation  in  average  HO 
formation  rate  shown  in  Figure  4.  As  the  primary  zone  is  leaned  j ut  (approximately  in  proportion  to 
overall  AFR),  the  average  HO  formation  rate  for  the  s  valuer  used  above  decreases  substantially  only 
after  the  primary  zone  becomes  quite  lean.  0 

The  effect  of  variations  in  combustor  inlet  air  temperature  at  constant  pressure  on  HO  emissions 
for  combustor  B  is  shown  in  Figure  7W.  The  solid  lines  are  calculations  based  on  an  average  oecondary 
zone  dilution  rate  obtained  by  smoothing  a  plot  of  air  flow  through  the  liner  vail  versus  distance  to 
allow  for  the  delay  in  bulk  mixing.  The  same  value  of  sQ  matches  the  measured  data  trends  as  overall  AFR 
is  increased.  However,  the  effect  of  increasing  air  inlet  temperature  is  overpredicted;  a  possible  cause 
is  omission  o'  radiation  heat  losses  in  determining  the  burnt  gas  temperatures. 

Data  from  Norster  and  Lefebvre^2^  can  be  used  to  estimate  the  temperature  drop  below  adiabatic 
flame  temperatures  resulting  from  radiation  heat  losses.  Peak  burnt  gas  temperatures  would  be  about  20  *K 
below  the  adiabatic  flame  temperature  with  600  *K  inlet  air,  and  30  °K  below  with  800  *K  inlet  air  for 
combustor  B  at  an  AFR  of  65  and  other  conditions  appropriu-?  to  Figure  7.  An  estimate  of  the  change  in 
NO  formation  rate  resulting  from  these  temperature  decreases  indicates  the  800  °K  air  line  would  then 
lie  about  24  percent  lower  and  the  600  *K  line  about  10  percent  lover  at  an  AFR  of  65.  These  approximate 
calculations  support  the  conclusion  that  radiation  hest  losses  account  for  the  difference  between 
measured  and  predicted  effects  of  air  inlet  temperature. 

The  model  also  predicts  the  effect  of  changes  in  Inlet  air  pressure.  Experimental  data  show 
that,  for  a  given  combustor  with  fixed  inlet  air  temperature,  overall  air  fuel  ratio  and  reference  velocity, 
the  HO  emissions  increase  as  the  square  root  of  air  pressure  >.5).  Equation  (5)  can  be  rearranged  to  show 
this  dependence.  Since  the  reaction 
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to  give 


Xj  is  the  mole  fraction  of  species  i, 
equilibrium  constant  for  reaction  (9). 


K  is  the  molecular  veignt  of  the  bunit  gas  mixture  and  Kp  is 
Using  the  perfect  gas  law,  equation  (5)  can  then  be  rearranged 
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where  R  is  the  universal  gas  constant.  For  typical  values  of  s  for  conventional  combustors.  Figure  3 

shows  the  maximum  HO  formation  rate  occurs  on  the  lean  side  of  Stoichiometric  where  x  is  essentially 

O'* 

independent  of  pressure.  For  a  fixed  inlet  air  temperature,  the  burnt  gas  tosperature*T,  k,  and  Kp  only 
vary  weakly  with  pressure.  For  a  S  0.5  which  lc  usually  the  case,  equation  (11)  shows  tha>:1d{N0}dt  increases 


as  (p) 


1/2 


Thus  for  the  same  reference  velocity,  HO  emissions  will  also  vary  approximately  as  (p) 


1/2 


3.3  Predicting  Emissions  from  the  CM  GT-309  Engine 

The  model  can  be  fitted  into  an  engine  cycle  and  used  to  calculate  HO  emissions  over  fhe  load 
range  of  an  engine.  Here  elr  flow  rate,  air  fuel  ratio  and  combustor  air  inlet  conditions  all  vary 
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simultaneously.  The  authors (7)  have  applied  this  code!  to  the  General  Motors  GT-309  regenerative  gss 
turblne(2S) (26)  and  compared  predicted  and  measured  SO  emissions. 

The  GT-309  prototype  engine  has  a  can-type  combustor  with  air-atomizing  fuel  injection.  It  has 
a  well-defined  primary  zone  because  most  cf  the  dilution  air  is  added  at  one  axial  station.  Since  the 
primary  zone  it  operated  at  fuel-lean  conditions,  the  assumption  of  rapid  quenching  of  nitric  oxide 
formation  at  the  primary  zone  exzt  is  a  reasonable  approximation,  greatly  simplifying  the  nitric  oxide 
analysis.  . 

The  fraction  of  the  total  air  flow  through  the  combustcr  which  enters  the  primary  zone  and  takes 
part  in  primary  zone  combustion  can  be  estimated  from  the  sizes  of  the  various  orifices  in  the  combustor 
liner  and  the  approximate  percentage  of  liner  cooling  air  entrained  into  the  prisury  flow.  The  mean 
primary  zone  equivalence  ratio,  obtained  from  the  fuel  flow  and  calculated  primary  air  flow,  is  less  than 
unity  for  all  engine  operating  conditions.  At  each  operating  point  a  mean  primary  zone  residence  time, 
based  or  the  volume  flow  rate  r.t  primary  zone  conditions,  is  calculated.  Table  2  lists  the  values  of 
combustor  parameters  over  the  enrine's  operating  range. 

TABLE  2 

Data  Used  in  GT-309  NO  Emissions  Study 


.asifier  turbine 

Combustor 

inlet 

Mean  primary  zone 

spaed 

Temperature 

Pressure 

Equivalence 

Residence  tiae» 

°F 

atm 

racio 

mtrec 

100 

1091 

3.68 

0.81 

6. 8-7. 3 

90 

1154 

3.08 

0.72 

6.9-7. 3 

80 

1233 

2.53 

0.62 

7. 2-7.5 

70 

1314 

2.08 

0.52 

7. 7-7. 8 

60 

903 

1.70 

0.28 

9.8 

50 

964 

1.44 

0.22 

11.2 

Treating  the  primary  tore  as  a  partially-stirred  reactor,  as  described  In  Section  2  3,  with  1002 
combustion  efficiency  and  no  heat  losses,  allows  a  computer  analysis  of  nitric  oxide  formation  with  only 
one  free  parameter,  the  mixing  parameter  a.  Figure  3  compares  calculated  NO  concentrations  at  combustor 
exit  with  engine  measurements.  With  s  a  0.S  the  calculations  match  the  measured  trends  reasonably  veil 
from  part  load  to  full  load  (70-100  percent  gasifier  speed).  The  poor  match  of  the  uniformly  mlxad  primary 
zone  calculations  (the  s  •  0  line)  with  the  measured  data  underlines  the  importance  of  including  nonuni¬ 
formities  in  the  NO  formation  model. 

•At  lower  gasifier  speeds  (50-35  percent)  corresponding  to  idle,  the  model  described  here  predicts 
NO  concentrations  orders  of  magnitude  below  the  measured  values.  At  the  low  gasifier  speedc  corresponding 
to  idle  and  low  power  output  inodes,  fuel  and  air  flow  rates  arc  far  sway  from  the  design  point.  The  flow 
pattern  and  level  of  turbulence  within  the  primary  zone  become  radically  different;  considering  the  entire 
primary  zone  as  a  stirred  reac-or  is  no  longer  valid.  Equivalence  ratio  and  residence  time  distributions 
baaed  on  air  flow  rate  for  the  whole  primary  zone  are  no  longer  good  approximations  to  actual  combustion 
conditions. 

Results  oi  e3ts  on  two  modifications  of  the  standard  GT-309  burner  with  earlier  quenching  of  the 
primary  zene  combustion  products  have  been  reported  by  Cornelius  and  Wade^6),  The  full  power  exhaust  NO 
concentrations,  relative  to  the  standard  burner  are  shown  in  Figure  9  as  a  function  of  relative  residence 
time.  The  model  predictions  for  0  <  s  <  0.5  are  in  close  agreement;  the  value  of  s  only  weakly  influences 
the  relative  effect  of  changes  in  residence  time.  This  comparison  does,  however,  support  the  conclusion 
that  NO  concentrations  in  the  primary  zone  are  below  equilibrium  levels. 

3,4  The  Mixing  Parameter  s 

So  far  s  has  been  treated  aa  a  floating  parameter  whose  value  is  determined  by  matching  predictions 
to  measured  emissions  data.  It  has  been  found  that  a  constant  value  of  s  in  the  primary  zone  can  be  used 
for  a  given  combustor  over  a  wide  range  of  operating  conditions  and  gives  acceptable  NO  predictions.  But 
different  types  of  combustors  require  different  values  of  s  ,  and  it  is  obvious  that  a  better  understanding 
of  the  relation  of  r  to  design  and  operating  variables  is  required.  Pompei  and  Hcyvocd'27)  i,ave  developed 
a  more  quantitative  monel  for  a  in  a  kerosene  fueled  atmospheric  pressure  cylindrical  burner  which  has 
several  features  In  common  wifi)  a  gas  turbine  combustor.  A  high  pressure  air-ass  1st  atomizer  was  used  to 
inject  the  fuel.  Fox  the  same  total  air  and  fuel  flow  rates,  variation  in  atomizer  air  pressure  (over 
the  range  10  to  30  psig)  significantly  changed  combustion  and,  emission  characteristics. 

The  value  of  s  along  the  burner  length  was  determined  from  measured  O2  concentrations  when  the 
mean  equivalence  ratio  was  stoichiometric.  Under  these  conditions,  c.ncp  combustion  of  the  hydrocarbon  fuels 
has  occurred,  any  significant  average  0,  concentration  in  the  burnt  gases  is  the  result  of  iagerfect  mixing. 
Increasing  the  atomizer  air  pressure  reduced  s,  flame  luminosity  ard  CO  emissions  at  a  given  y.  The 
effect  on  NO  emissions  depended  on  the  value  of  These  s  profiles  were  used  to  calculate  NO  and  CO 
concentrations  along  the  burner  length;  these  agreed  well  with  measured  values.  Turbulent  mixing  theory 
was  used  to  relcte  the  decay  of  s  witlv  time  (or  distance  along  the  burner)  to  a  mixing  rate  intensity  1  as 

s2(t)  »  so2  exp  (-In  (12) 

It  vs 3  found  that  I  varied  approximately  as  the  square  of  the  atomizing  air  pressure^®).  A  simple  model 
which  assumed  that  the  mlxlug  rate  intensity  I  was  proportional  to  the  one  third  power  of  the  kinetic 
energy  of  the  air  entering  the  burner  reaction  zone  predicted  a  one  third  power  dependence  of  I  on 
atomizing  air  nreasu-e,  This  disagreement  suggests  that  effects  of  atomizer  air  pressure  on  fuel  droplet 
size,  droplet  velocity,  and  spray  cone  angle  are  likely  to  be  important.  This  is  obviously  an  area  for 


further  work;  the  success  of  the  mixing  model  in  «  simpler  flow  geometry  is,  however,  encouraging. 

A  number  of  experimental  studies  in  gas  turbine  combustors  have  shown  that  changing  fuel 
Injection  techniques  in  n  manner  expected  co  reduce  nonuni fora tiles  in  the  primary  rone  has  reduced  sout, 

CO,  hydrocarbon  and  NO  emissions.  Norster  ana  Lefebvret'^)  have  compared  a  dual-orifice  atomizer  and  an 
"air  spray"  atomizer.  GrobmunW  has  presented  results  snowing  t.ow  increasing  the  pressure  drop  across 
an  air-assist  fuel  nozzle  con  significant- ly  reduce  CO  and  HC  emissions  sad  improve  combustion  efficiency. 

Dix  and  Bastreos^O)  have  ahowr.  that  in.  /easing  the  air  pressure  drop  across  che  air-assist  fuel  nozzle 
in  an  automotive  gas  turbine  with  a  fue'.-lean  primary  zone  significantly  decreases  HO  emissions.  This 
corresponds  to  reducing  sQ  in  the  NO  prediction  model,  and  Figure  4  indicates  that  for  a  lzan  system  S 
substantial  decrease  in  the  NO  formation  rate  would  be  expected. 

Several  combustor  performance  parameters  in  addition  to  emissions — combustion  efficiency,  blow¬ 
out,  relight  characteristics,  primary  zone  soot  formation  and  wall  radiative  heat  flux — are  also  influenced 
by  the  extent  of  the  fuel-air  nonuniformities  in  the  primary  and  secondary  zones.  Dix  and  Bastress(30) 
have  already  suggested  how  some  of  these  performance  parameters  /sight  be  related  to  the  nixing  parameter 
a.  It  is.  therefore  desirable  that  the  role  of  nonuniformities  in  gas  turbine  combustors  receive  the 
utmost  attention,  both  theoretically  and  experimentally. 

4.  N0x  EMISSIONS  FROM  IKE  NASA  SWIRL  CAN  COMBUSTOR 

To  illur* rate  Lhe  versatility  of  tho  NO  prediction  model,  we  have  spoiled  it  to  a  new  combustor 
concept  which  shows  promise  of  lower  emissions.  ,_This^ concept,  the  NAS.',  modular  rwirl  can  combustor 
Model  4-C,  is  an  unconventional  annular  design.  '31/  yuei  is  introduced  into  120  swirl  cans  mounted  in 
three  ccnceutr.  rings  at  the  same  axial  station  Host  of  the  air  flows  through  there  modules  and  in 
between  them  at  t^e  piano  of  the  "blockage  plates"  which  are  the  maximum  axial  cross-sec. ions  of  the  swirl 
cans.  Only  about,  6%  of  the  total  air  flow  (used  as  liner  cooling  air)  does  not  pass  through  or  between 
the  swiri  cans.  Figure  10  snows  the  construction  of  a  swirl  can.  Air  flows  from  the  left,  entering  the 
can  and  nixing  with  fuel,  which  is  sprayed  onto  the  swirler  plate  from  a  fuel  tube  inside  the  can.  This 
fuel-air  mixture  passes  through  the  swirler  and  bums  in  the  wake  of  the  modulo.  Some  of  the  air  which 
has  passed  around  the  module  is  entrained  into  the  recirculating  wake  flow.  Cold-flow  tests  confirm  that 
this  recirculating  wake  extends  approximately  one  blockage-plate  diameter  downstrzam.  The  air  which  flows 
around  the  module  but  is  not  entrained  into  this  'primary  zone"  will  mix  with  the  combustion  products  from 
the  primary  zone  further  downstream.  Figure  11  is  a  tangential  view  of  the  combustor  showing  the  swirl 
cz.n  modules  mounted  at  the  entrance  plane  of  the  annular,  liner.  At  low  fuel-air  ratios  the  combustion 
occurs  within  small  primary  zones  in  the  wake  of  each  swirl,  can.  As  the  fuel-air  ratio  approaches  stoichio¬ 
metric,  the  primary  zones  coalesce  into  a  single  "ring  of- fire." 

The  difficulty  with  analyzing  the  NASA  combustor  is  that  contrary  to  wore  conventional  designs, 
the  volume  of  tho  primary  zone  and  the  mass  flew  of  air  entering  thio  zone  are  not  well  defined  by  the 
liner  geometry.  The  fluid  mechanics  jf  entrainment  into  a  reacting,  swirling,  recirculating  flow  are  uot 
traceable  enough  to  be  used  in  the  relatively  3ii=ple  nitric  oxide  formation  model  being  proposed  here. 

The  following  simplifying  assumptions  are  made  to  obt  .in  a  simple  model  applicable  to  combustion  operation 
at  low  fuel-air  ratios,  i.e.  not  too  close  to  the  stoichiometric  value  of  0.067.  (i)  The  volume  of  tl.f 
primary  zone  in  the  wake  of  each  swirl  can  module  is  taken  to  be  6,7  in.’,  which  is  equal  to  the  area  of 
an  averaged  blockage  plate  multiplied  by  the  plate's  diameter.  This  aspect  ratio  cf  approximately  one  is 
verified  by  cold-flow  tests.  If  the  flow  patterns  an  the  combustor  do  not  change  much  as  the  volume  flow¬ 
rate  and  combustion  intensity  arc  varied,  the  volume  of  the  primary  zones  will  remain  r. -arl/  constant.  Of 
course,  as  the  fuel-air  rati?  approaems  stoichiometric  and  the  primary  zones  coalesce,  this  ast-uaption 
becomes  invalid,  (li)  The  average  fuel-air  ra.io  in  the  primary  zones  is  proportional  to  the.  combustor's 
overall  fuel-air  raiio.  Once  again,  if  the  combustor's  flow  patterns  remain  relatively  lived,  this 
assumption  will  be  approximately  true,  (iii)  The  nitric  oxide  formation  reactions  are  rapidly  quenched 
as  the  combustion  products  leave  che  primary  zones.  Consider  a  burnt-gas  eddy  whose  local  fuel-air  racio 
is  less  than  the  fuel-air  ratio  with  the  peak  nitric  oxide  formation  rate.  A  relatively  small  amount  or 
dilution  (from  thi  air  flowing  between  the  swirl  cans  which  was  not  entrained  into  a  primary  zone)  will 
cause  the  temperature-sensitive  nitric  oxide  reactions  to  freeze.  Therefore,  this  quenching  assumption 
appears  reasonable  when  most  of  the  primary-zone  burnt-gas  eddies  are  .leaner  than  approximately 
stoichiometric. 

A  few  comments  on  the  above  modelling  assumption  are  in  order,  (i)  Primary  zone  residence  times 
vary  inversely  with  primary  zone  volume.  Nitric  oxide  production  Is  found  to  be  almost  linear  with 
residence  time  for  the  region  of  interest,  so  the*;  changing  the  primary  zone  volume  will  approximate 
sliding  the  nitric  oxide  prediction  curves  vertically  on  a  log  scale,  (ii)  Changing  che  proportionality 
factor  between  the  primary  and  overall  fuel-air  ratios  is  equivalent  to  changing  the  fraction  of  the  over¬ 
all  air  flow  which  enters  the  primary  zone.  This  changes  both  the  primary  zone  residence  time  and  the 
dilution  factor  on  exit  from  the  primary  zona.  The  approximate  linearity  ^f  nitric  oxide  with  residence 
time  mentioned  above  results  in  a  cancellation  of  the  residence  time  and  dilution  factor  effects.  Thus, 
changing  the  proportionality  factor  between  the  primary  and  overall  fuel-air  rarios  merely  slides  the 
nitric  oxide  oredictior.a  horizontally  an  a  log  scale  of  overall  fuel-air  ratio. 

At  overall  fuel-air  ratios  comparable  to  stoichiometric,  the  flow  model  de-crihed  above  clearly 
must  be  changed.  (Even  if  the  concept  of  120  module-wake  primary  zones  reisalned  valid,  these  primary  zones 
would  be  operating  at  fuel-air  rctios  well  above  stoichiometric  and  produce  negligible  nitric  oxide 
compared  to  what  would  be  formed  during  dilution  tc.  the  overall  fuel-sir  ratio.)  A  better  model  is  to 
troht  the  entire  combustor  annulus  Inside  the  liner  as  o  partially  stirred  reactor,  driven  by  the  swirlers 
and  blockage  plates  at  the  entrance  plane  and  the  high  combustion  Intensity.  The  uodel  corresponds  to 
the  "ring  of  fire"  flow  pattern  observed  at  high  fuel-air  ratio  operating  conditions.  Ihe  swirl-cans  then 
serve  ss  crude  versions  of  an  air-ussisted  fuel  Injector,  partially  premising  the  fuel  before  combustion 
with  the  main  air  flow.  The  combustion  zone  volume  of  Interest  fur  the  high  fuel-air  operating  conditions 
is  approximately  4.1  ft. 3,  the  entire  annulus  within  the  combustor  liner.  The  average  fuel-air  ratio  is 
about  1.03  t<oes  the  overall  value,  to  allow  for  adding  half  of  the  6Z  of  total  air  flow  used  to  cool  the 
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litter .  The  sampled  exhaust  gases  were  quench*!  at  the  combustor  exit  by  the  sampling  probe,  ao  downstream 
quencSiing  is  not  ccitsidered  in-tba  calculations, 

Figures  12,  13  and  14  are  comparisons  of  measurements  on  the  swirl  can  combustor  reposted  by 
Niedzwiecki  and  Jones Cll)  with  computations  made  using  the  two  ncdtla  described  in  this  section.  The 
data  points  shown  as  circles  are  measurements  made  at  a  combustor  inlet  pressure  of  5  to  6  atma,  with  a 
combustor  air  flow  of  85  to  110  Ibm/sec.  Th?  data  points  shown  as  diamonds  are  known  to  ba  measured  at 
6  atna  sad  110  Ibm/sec.,  which  wars  the  valuer  used  in  the  analytical  computation. 

Hie  curves  drswa  for  tuel-uir  ratios  between  0.01  and  0.03  are  osculated  with  the  low' fuel-air 
ratio  model  (120  ssparate  primary  tones),  using  a  primary  rone  fuel-air  ra  . o  ve  .5  times  the  overall  value. 
As  mentioned  earlier,  a  change  in  this  parameter  will  simply  proportion  out  the  t i eviction  curves  hori¬ 
zontally.  Also  note  that  a  change  in  primary  zone  volume  simply  shifts  the  curv  -a  vertically.  Tlie  mixin- 
parameter  values  0.33  and  0.42  which  ate  illustrated  produce  approximately  the  pn.  pet  slope  to  mutch  the 
data,  especially  for  the  higher  combustor  inlet  temperature  cases,  Figures  13  and  14. 

The  curves  drawn  for  fuel-air  ratios  greater  than  0.03  arc  calculated  using  the  model  appropriate 
to  fuel-air  ratios  comparable  with  stoichi.oaei.nc.  Here  the  primary  zone  volume  and  fuel-air  ratios  are 
well  defined,  so  that  the  prediction  cv:  its  are  not  shiftable  without  making  basic-,  changes  in  the  model. 

Table  3  gives  some  of  the  parameters  relevant  to  the  nitric  oxide  calculations  for  a  few  sample 
points  from  the  s  *'  0.33  curves  presented  in  Figures  12,  13  and  14. 


Combustor  Inlet 
Temperature,  4F 

Overall  Fuel-Air 
Ratio 

TABLE  3 

Primary  Zone 
Fuel-Air  Ratio 

Primary  Zone  Residence 
Time,  msec 

Nitric  Oxide 
from  Primary  Zona, 
mass-fraction 

602 

0.0160 

0.0400 

0.93 

4.55  *10-5 

907 

C.0187 

0.0467 

0.83 

2.10  *10"4 

1058 

0.0214 

0. 0534 

0.76 

3.97  *io-4 

602  -. 

0.0650 

0.0469 

1.89 

2.20  *10~4 

907 

0.0500 

0.0515 

2.02 

5.61  *10-4 

1058 

0.0400 

0.0412 

2.16 

4.72  *10-4 

The  two  models  described  in  this  section  match  the  lean  and  rich  ends  of  the  NASA  emissions  data 
reasonably  well.  To  cover  tha  middle  range  of  fuel-air  ratios  would  require  modelling  the  air  entrainment 
and  mixing  processes.  This  goes  beyond  our  present  understanding  of  the  processes  occurring  within  the 
combustor.  However,  curvet  which  are  simply  faired  in  between  the  model  prediction  curves  of  Figures  12, 

13  and  14  produce  good  matches  with  the  experimental  data. 

To  show  th6  use  of  the  nicric  oxide  formation  model  in  extrapolating  experimental  data,  calcu¬ 
lations  were  made  for  operation  of  the  NASA  combustor  at  sea  level  static  dry  takeoff  conditions  typical 
of  combustors  used  in  stata-of-the  art  engines  in  the  40,000-pound.  +  thrust  class..  Table  4  gives  results 
based  upon  the  following  data:  combustion  inlet  temperature  «  1400  4R,  combustor  pressure  »  23  atma, 
overall  fuel-air  ratio  «  0.023,  primary  zene  fuel-air  ratio  -  J.0575,  mixing  parameter  s  >»  0.7,3.  A 
correction  factor  of  1.25  Is  used  to  approximately  compensate  for  the  divergence  of  the  s  •  0.33  curve 
from  the  data  at  a  fuel-air  ratio  of  0.023  as  the  rapid  quench  assumption  becomes  inadequate. 

TABLE  4 

Reference  Velocity  Nitric  Oxide,  Emissions  Index  "Corrected" 

_ ft. /see. _ mass  fraction  at  exhaust  Ibis  NQ.,/1000  lbm  fuel  Emissions  Index 

75  3.15  xlO"4  21.5  26.9 

100  2.56  >  .10-4  17.4  21.8 

125  2.16  xiO-4  14.7  18.4 

5.  CONCLUSIONS 

(i)  The  nitric  oxide  formation  process  in  conventional  gas  turbine  combustors  is  now  reasonably 
understood.  The  parameters  important  in  determining  exhaust  NO  concentrations  are  inlet  air  pressure  and 
temperature,  mean  primary  zone  residence  time  and  fuel  air  ratio,  the  uniformity  of  the  fuel-air  ratio 
distribution  in  the  high  temperature  zones  in  the  combuotor  and  the  air  dilution  rate  at  the  upstream  end 
of  the  secondary  zone. 

(ii)  The  model  for  predicting  NO  emissions  we  have  described  can  match  measured  emissions  data 
from  several  different  types  of  combustor  over  a  wide  range  of  operating  conditions.  The  major  problem 
in  applying  the  model  is  that  the  parameter  characterizing  the  fual-air  ratio  nonuniformitieo  must  be 
determined  empirically.  The  potential  for  relating  thiu  parameter  to  injection  and  combust;  r  disign  and 
operating  parameters  has  already  been  demonstrated  in  simpler  flow  geometries.  This  is  an  area  for 
intensive  analytical  anu  experimental  research. 

(iii)  The  NASA  swirl  can  combustor  concept,  through  a  reduction  of  high  temperature  zone  resi¬ 
dence  time,  and  leaner  and  better  mixed  primary  zone  compared  with  current  conventional  combustors,  has 
achieved  a  significant  reduction  in  NO  emissions  when  compared  with  current  "jumbo  jet"  engines. 
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Fig.  8.  theoretical  calculation?  of  General  Ko-nr# 
GT-309  engine  combustor  SO  emissions  versus  gasif'er 
speed,  cotoared  with  engine  exhaust  measurements 


Fig.  9.  Theoretical  calculations  of  GT-309  coob’ist'>r 
design-point  SO  cnlssuns  versus  mean  primary  lone 
residence  tine,  compared  with  measured  values  for 
the  standard  (std.)  burner  and  two  early  quench  design 
modifications C7). 
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Fig.  10.  NASA  swirl  Cun  cos*ysCor  module  details  W .  Fig.  11.  NASA  fsduler  swirl  can  coohustoi  schematic 
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Fig.  12.  Coripatiaon  of-aeasurearand  predicted  HO 
csas  fractions  at  exit  of  NASA  swirl  can  combustor 
S*  a  function  of  overall  fjel-air  ratio.  Curves  at 
lower  left  aes  from  single  module  ssodel  appropriate 
for  low  fuel-air  ratios-  ilurvas  at  upper  right  are 
from  high  fuel-air,  ratio  nodoi'treatlrg  entire  corn- 
buator  ha  the  primary  zone.  Data  points  shown  as 
circles  at-*  iseasurcacntn  as.ie  at  pressures  of  5  to  6 
aim  with  a  combustor  airflow  of  85  to  110  lbs/sec. 
Data  points  sho-ij  as  diamonds  are  at  6  atm  and  110 
lbm/cec,  the  values  used  in  the  computations, 

Koninal  combustor  inlet  temperature  is  600  ®F. 
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Fig.  13.  Sane  as  Figure  12  with  nominal  ccabustar 
inlet  temperature  of  900  9F. 
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Discussion  on  Taper  21 

“Parameters  Controlling  Nitric  Oxide  Emissions  from  Gas  Turbine  Combustors’* 
presented  by  J.B.Hevwood 


M.Whitiaker: 


(a)  Could  the  speaker  indicate  to  what  extent  the  reductions  in  NO  emissions  were  due  !o  reductions  in  residence 
time  and  to  changes  in  degree  of  mixing? 

(b)  Is  the  reduction  a  trade-off  of  NOx  pollution  for  CO  pollution  in  the  NASA  Lewis  combustor?  What  is  the 
speaker's  opinion  regarding  the  merits  of  the  two  alternative  methods  of  running  rich  or  weak  oi  stoichiometric^ 

i.B. Hey  wood: 

(a)  In  our  calculations  of  emissions  fiom  the  NASA,  swirl  can  combustor  for  take-off  conditions  «oth  a  pressure 
ratio  of  24:1,  the  module  wake  region  (the  primary  zone)  was  leaner,  better  mixed  and  had  a  shorter  residence 
time  (about  1  msec)  than  an  equivalent  conventional  combustor.  W-  d:d  noi  estimate  each  of  these  effects 
separately.  However,  NOx  emissions  would  be  reduced  approximately  in  proportion  to  the  reduction  in 
residence  time,  and  the  effect  of  a  leaner  and  better  mixed  primary  zone  on  the  NO  formation  rate  can  be 
estimated  from  Figure  4. 

(b)  The  CO  emissions  in  the  swirl  can  combustor  depend  both  on  the  emissions  of  a  single  module  and  how  many 
modules  are  operating.  At  light  load  when  CO  is  a  problem,  the  number  of  modules  is  reduced.  There  .s  no  simple 
answer  to  this  question. 

N.Cftigier:  From  the  high  speed  movies  which  you  have  taken  in  the  primary  zone,  could  you  observe  envelope 
flames  and  individual  droplets?  The  location  of  the  flame  front  with  respect  to  location  of  droplet  surface  can 
make  large  differences  to  vaporization  rates  of  droplets. 

J.B.Heywood:  Wc  line  taken  high  speed  movies  of  the  combustion  zone  it  an  atmospheric  pressure  burner  with  an 
air  blast  atomizer  and  liquid  kerosene  as  fuei.  These  movies  show  that  luminous  burning  eddies  are  cf  order  0.2  inch 
in  diaifietcr,  that  is  much  larger  than  envelope  flames  around  individual  droplets. 

R.Roberts;  One  must  use  caution  wnen  applying  previously  demonstrated  results,  *  the  NASA  «wirl  can  combustor, 
to  existing  engines.  It  is  likely  tiiat  inlet  reference  velocity  for  the  engine  will  be  different. 

J.BJieywood:  In  our  calculations  of  NC  emissions  from  the  NASA  swirl  can  at  simulated  JT9D  or  CFG  take-off 
operating  conditions,  we  have  approximately  matched  the  combus'or  inlet  air  tcmperatsiie  and  pressure,  turbine 
inlet  temperature,  and  covered  an  appropriate  range  of  reference  velocities  (75  -  125  ft/sec).  So  we  believe  the 
calculations  an:  a  reasonable  simulation. 

W.S.Blazowski:  Our  calcula'ions  with  a  simple  model  show  that  for  future  advanced  engines  and,  for  that  matter, 
current  designs  on  a  hot  day  (25/5  pressure  ratios  at  ambient  temperatures  exceeding  I00aF)  levels  of  NO  produced 
are  approaching  primary  zone  equilibrium.  Have  you  examined  cases  where  combustor  iniet  temperatures  are 
1200-1300°F?  How  important  might  fuel  distribution  be  in  this  case? 

J.B .Hey wood;  Yes,  we  would  expect  that,  as  combustor  pressures  and  flame  temperatures  increase  somewhat  above 
the  values  wc  have  used,  primary  zone  NO  concentrations  will  approach  equilibrium  values.  Since  equilibrium  NO 
concentrations  depend  on  equivalence  ratio  ir,  an  adiabatic  comoustor,  we  would  predict  that  the  fuel  distribution 
will  be  just  as  important. 

A  H.Lefecvre:  1  cel  that  your  mixing  parameter  should  be  tepl.ved  by  two  mixing  parameters,  one  to  take 
«^ccunt  vf  the  degree  of  fuel/air  mixing  prior  to  combustion  and  another  which  describes  the  intensity  of  mixing 
within  the  combustion  zone.  The  value  of  the  first  parameter  would  be  eovemed  largely  by  ihc  method  of  fuel 
injection  emoloyed,  while  the  magnitude  of  the  second  parameter  wcatld  be  dictated  mainly  by  the  geometry  of 
the  liner  and  the  prassure  drop  across  it. 

J.B.Heywcod:  Our  choice  of  mixing  parameter  is  in  no  way  unique.  Both  the  faciors  you  mention  would  be 
ejected  to  affect  the  parameters  we  have  used.  However.  1  doubt  that  these  two  factors  can  be  separated  in  the 
way  you  describe. 

A.M  MsllCi ;  It  is  a  pleasure  to  sec  that  your  model  can  be  extended  to  such  a  wide  range  of  combustor  types  and 
still  predict  exhaust  emissions  of  NO  to  within  a  factor  of  two.  However.  I  think  that  the  model  should  be  subjected 
to  two  more  demanding  tests,  first,  comparison  wi*h  detailed  internal  measurements  which  a»e  now  becoming  avail¬ 
able.  and  second,  CO  should  also  be  included  ir,  some  way  for  comparison  as  well  Other  investigators  have  found  it 
is  impossible  to  get  good  agreement  for  both  pollutants  with  a  single  set  of  curve  fit  parameters. 
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FJ.Verkamp:  You  predated  data  in  your  paper  on  the  “Early  Quench”  GMR  309  combustor  which  showed  that 
the  NOx  was  2 S%  less  than  the  “Conventional”  309  combustor.  However,  you  did  not  present  any  CO  data  for 
the  “Early  Quench"  309  combustor.  Available  CO  data  shows  that  the  CC  would  increase.  In  fact,  modifications 
to  a  conventional  combustor  simply  cause  a  trade-off  in  CO  and  NOx.  Simultaneous  reductions  in  both  CO  and 
N’Ox  emissions  arc  required  to  provide  advanced  low  emission  combustors.  In  your  analytical  model,  you  predict 
only  NOx  emissions.  Do  you  plan  to  expand  your  mouei  to  predict  CO  emissions? 

J .B.Heywood :  We  did  compare  NO  measurements  made  by  Fletcher,  Siegel  and  Hastress  (Ref.  8)  with  mode! 
calculations.  The  cross-section  average  NO  concentrations  along  the  combustor  axis  predicted  by  the  model  (Figure 
7  m  our  paper  U  taken  from  reference  8  and  shows  the  calculated  profiles)  are  in  reasonable  agreement  with  the 
measured  values  when  these  are  averaged  over  the  liner  cross-section.  However,  probing  within  the  primary  zone 
was  not  successful.  Compansoi  between  predictions  and  measurements  must  be  done  carefully.  The  mode! 
pred.ct*  NA  concentrations  in  the  burnt  gases.  In  c-rtain  probe  locations  (e.g.  the  primary  2one)  the  probe  may 
sample  a  mixture  of  burnt  and  unburnt  mixture  and  the  data  would  not  be  directly  comparable  '«ith  predictions. 

The  model  we  have  described  obviously  does  not  attempt  to  calculate  CO  emissions.  We  have  dev-lopad  a 
similar  model  which  includes  the  kinetics  of  CO  oxidation  and  the  effects  of  imperfect  fuel-air  mixing  and  non- 
uniform  dilution  rates.  This  model  predicts  measured  CO  <  missions  trends  quite  well,  with  the  same  mixing 
parameter  values. 

P.A. Libby.  It  may  be  worthwhile  to  comment  that  the  assumption  of  a  gaussian  distribution,  e.g.,  of  the  fuel,  in 
a  turbulent  flow  can  under  some  flow  conditions  be  widely  in  error.  We  are  comfortable  with  gaussian  distributions 
so  we  can  readily  overlook  the  fact,  which  is  obvious  if  we  just  think  about  it,  that  concentration  in  terms  of  mass 
fraction  or  some  percentage  is  bounded,  i.e..  has  values  between  zero  and  unity,  and  is  not  unbounded  as  many 
other  fluid  dynamical  variables.  A  little  reflection  leads  to  the  conclusion  that  for  any  mean  concentration  it  is 
always  possible  to  find  an  intensity  of  fluctuations  of  concentration  which  can  only  correspond  to  a  non-gaussian 
probability  density  distribution. 

Another  consideration  which  raises  further  doubts  about  the  assumption  of  a  gaussian  distribution  in  some 
cases  relates  to  the  possibility  t..at  turbulent  eddies  with  either  only  fuel  or  only  air  within  them  may  be  significantly 
present.  In  this  case  the  probability  density  distribution  must  be  considered  to  consist  of  a  continuous  function  plus 
two  delta  functions  representing  the  fraction  of  time  that  only  fuel  and  only  air  arc  present. 

U  should  be  understood  that  the  behavior  suggested  by  these  comments  docs  not  always  ocair  and  in  fact  may 
not  occur  m  the  flow  being  treated  by  Professor  Heywood  ar.d  his  co-worker.  The  converse  of  the  statement  made 
above  is  also  true,  for  a  gi<en  mean  concentration  one  can  always  find  a  turbuient  intensity  sufficiently  low  so  that 
a  gaussian  distribution  might  be  expected  to  be  a  reasonable  assumption. 

In  view  of  these  comments  we  would  certainly  agree  with  the  authors  that  the  problem  of  turbulent  flows  with 
chemical  reactions  taking  place  in  them  requires  and  deserves  much  work. 

J. B.Heywood:  The  gaussian  distribution  is.  as  is  stated,  an  assumption.  Some  work  being  carried  out  by  Professor 
John  P.Appleton  and  Mr  Richard  Flagan  at  M.l.T.  in  a  kerosene  fueled  atmospheric  pressure  burner  suggests, 
however,  that  a  gaussian  distribution  is  attained  quite  rapidly.  Note  that  the  version  of  this  NO  mode!  developed 
by  Fletcher  et  al  (References  6  and  8)  does  allow  for  unmixed  and  unbumt  fuel  through  the  parameter  0  .  fraction 
of  the  fuel  fei,'  to  the  primary  zone  which  burns  there.  Also,  only  that  part  of  the  distribution  close  to  stoichio¬ 
metric  is  really  important  in  predicting  NO  emissions.  Nonetheless.  Professor  Libby's  comments  art  still  appropria*c 
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SUMMARY 

Primary  pollutants  emitted  by  aircraft  gas  turbine  engines  are  carbon  monoxide,  hydrocarbons,  alde¬ 
hydes,  smoke,  particulates,  and  nitric  oxide.  Factors  controlling  emissions  cf  these  pollutants  are 
analyzed  on  the  basis  of  aircraft  engine  exhaust  composition  arid  laboratory  studies  of  gas  turbine  com¬ 
bustion  processes.  Moreover,  an  analytical  prediction  of  the  effect  of  aircraft  operating  parameters  or 
the  emission  of  nitric  oxide  is  also  given. 

Measurements  of  aircraft  engine  exhaust  compositions  from  several  different  turbojet,  turbofan,  and 
turboprop  engines  reveal  striking  similarities  in  their  pollutant  emission  characteristics.  Carbcn 
monoxide,  hydrocarbons,  and  aldehydes  are  at  their  peak  values  during  Idle  operation  and  drop  to  very 
lew  levels  as  engine  power  is  increased.  Particulates,  smoke  density,  and  nitric  oxide  Increase  with 
power  level,  the  latter  depending  '.ponentiaily  upon  tne  maximum  local  combustor  temperature. 

The  formation  and  destruction  of  these  pollutants  were  investigated  in  a  laboratory  gas  turbine  com¬ 
bustor.  The  oxidation  of  carbon  monoxide,  hydrocarbons,  and  aldehydes  was  measured  In  the  dilution  zone 
where  thermal  quench  phenomena  were  observed.  The  apparent  oxidation  of  particulates  in  the  dilution 
zone  was  also  observed;  details  of  the  particulate  studies  are  reported  in  a  companion  paper.  No.  28. 

The  formation  of  nitric  oxide  was  observed  in  the  primary  zone  and  in  the  first  part  of  the  dilution 
section  of  the  combustor. 

operational  conditions  and  engine  parameters  such  as  ambient  temperature,  pressure,  and  humidity, 
flight  altitude,  flight  Mach  number,  uat  r  injection,  fuel  properties,  and  cdmbustoi  characteristics  have 
been  studied  analytically,  yielding  rcn.-al  criteria  for  the  prediction  of  their  effect  on  the  emission 
of  nitric  oxide. 


SYMBOLS 

El  emission  Index,  gm  species/kg  fuel 

P  pressure,  atm. 

R  universal  gas  constant,  0.0019B6  kcal/gm-mole  ®K 

t  time,  sec 

T  temperature,  °K 

X  mole  fra.tion 


INTRODUCTION 

The  present  and  potential  significance  of  aircraft  as  contributors  tc  air  pollution  remains  still 
only  partially  established.  Three  regions  of  possible  impact  have  been  identified,  1)  at  or  in  the 
icsediate  vicinity  of  airports,  2}  In  an  urban  air  basin,  and  3)  in  the  stratosphere.  Studies  at  the 
Los  Angeles  International  Airport  (1,2)  have  shown  aircra't  to  be  the  primary  source  of  pollutants  at 
the  airport  and  in  its  icmediate  vicinity.  Projections  for  future  years  (3)  show  in  fact  that,  in  the 
absence  of  aircraft  emission  controls,  aircraft  sources  alone  would  prevent  the  attainment  of  U.S. 
Environmental  Protection  Agency  air  quality  standards  ir  the  vicinity  of  this  airport.  The  contribution 
of  aircraft  to  the  pollutant  burden  of  sn  urban  air  basin  is  small,  being  currently  less  than  about  one 
percent  of  any  pollutant  species  (3).  The  control  of  other  pollutant  sources  and  growth  of  air  traffic, 
however,  are  predicted  to  Increase  the  relative  importance  of  aircraft  as  sources  of  air  pollution. 

Table  t.  The  possible  importance  of  aircraft  emissions  in  the  stratosphere  focuses  upon  the  effect  of 
nitric  oxide  upon  the  ozone  layer  (4,5)  and  is  the  subject  of  Climatic  Impact  Assessment  Program  (CIAP) 
(6.7). 

Aircraft  contributions  to  low  altitude  air  pollution  have  been  judged  to  be  of  sufficient  importance 
to  cause  the  U.S.  Environmental  Protection  Agency  to  propose  emission  standards  for  aircraft  (8).  These 
standards  call  for  reductions  or  limitations  of  angina  emissions  over  a  period  of  years.  The  proposed 
1373  emission  standards  for  new  gas  turbine  engines  are  sursurized  in  Table  2.  The  proposed  standards, 
expressed  as  pounds  mass  per  1000  peund-thrust-hours  per  cycle,  offer  a  reward  for  low  specific  fuel  con¬ 
sumption.  The  cycle  is  defined  in  terms  of  a  simulated  landing  and  take-off  operation  with  the  times 
in  different  engine  power  settings  specified  to  correspond  to  taxi/idle,  takeoff,  climboat,  and  approach. 

Although  aircraft  cannot  now  ba  considered  as  a  major  source  of  air  pollution,  future  Increases  in 
feovh  their  absolute  end  relative  contributions  to  air  pollution  is  expected.  The  major  force  behind  this 
increase  is  a  rapidly  expaivii’.g  consumption  of  fuel  by  aircraft,  again  in  both  absolute  terms  and  especi¬ 
ally  relative  to  fuel  consumption  in  ground  transportation  (9),  Figure  I.  (The  distribution  of  fuel 
consumption  between  ground  aid  aircraft  transportation  con  be  sosewhat  misleading  since  the  major  portion 
cf  emissions  fro?  ground  transr  station  isgsacts  upon  urban  areas  whtle  only  a  fraction  of  the  aircraft 
emissions,  namely  those  ealttdf  below  roughly  one  kileneter  altitude.  a^*e  of  a>"\Y  significance  in  this 
respect.  It-  it  estimated  th$t  20  to  25S  of  all  fuel  consumed  by  U.S.  ci/51  c.rurift  is  consumes  during 
operations  at  air  terminals,  including  take-off  and  land  ins  tlO}.}  trying  engine  characteristics. 


Table  T.  Aircraft  contributions  (pe.-cer.t)  to  total  air  pollutant 
emissions,  tos  Angeles  Air  Quality  Region  with  currently 
proposed  controls  on  other  sources  and  no  controls  on 
aircraft  (3). 


1970 

1975 

1980 

CO 

1.0 

5.8 

13.6 

HC 

1.0 

2.7 

2.5 

NO 

X 

0.7 

2.8 

5.7 

Proposed  exhaust  emissions  standards  for  new  aircraft 
gas  turbine  engines,  1979  (8). 

thrust,  lbf 

6000 

6000-29000 

>  2900C 

CO 

2.2* 

2.1 

1.7 

HC 

1.0 

0.4 

0.4 

smoke  i/urber 

35 

25 

20 

NOx 

3.7 

3.2 

3i0 

♦Emissions  of  CO,  HC,  and  H0«  in  Ibp/lO^  Ibf-hr/cycle. 

Smoke  number  refers  to  a  filter  smoke  spot  reflectance  test. 
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Figure  1.  Annual  United  States  petrglausr. 

consiE^tion  for  transportation. 
Adapted  from  {9) . 
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Figure  2.  Aircraft  gas  turbine  engine 
emissions:  carbon  monoxide. 


especially  those  factors  enhancing  the  formation  of  nitric  oxide,  will  also  affect  total  aircraft  emissions 
An  understanding  of  the  factors  affecting  the  composition  of  gas  turbine  exhaust  should  prove  useful  in 
obtaining  required  emission  reductions. 


EKSIff£  EMISSIONS  CHARACTERISTICS 

Available  data  on  engine  emissions  have  increased  greatly  during  the  past  two  years  (il-17).  Such  of 
this  information  was  collected  as  part  of  an  Environmental  Protection  Agency  aircraft  baseline  emissions 
data  program  and  it  has  been  summarized  and  analyzed  by  the  Cornell  Ae>\w»utical  laboratory  {18,  19). 
lipfert  (20)  has  provided  a  particularly  thoughtful  analysis  and  correlation  of  these  data.  Host  of  the 
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engine  data  presented  here  comes  from  these  sources  and  our  Interpretation  draws  freely  upon  the  work  of 
Lipfert. 

The  cost  important  pollutants  emitted  by  aircraft  gas  turbines  are  carbon  monoxide,  hydrocarbons, 
aldehydes,  particulates,  smoke,  and  the  oxides  of  nitrogen.  The  terra  hydrocarbons  generally  refer  to 
species  detected  by  flame  ionization.  Smoke  density,  which  is  often  erroneously  equated  with  particulates 
{see  Paper  No.  28),  is  generally  measured  by  a  filter  stain  technique  (21).  The  oxides  of  nitrogen  (N0X) 
in  gas  turbine-  e>iiaust  are  generally  believed  to  be  primarily  nitric  oxide  (NO).  High  concentrations  of 
nitrogen  dioxide  (NOg)  have  been  reported  (12),  however,  and  questions  remain  about  whether-  nitrogen 
dioxide  is  indeed  an  important  exhaust  compinent  or  whether  Its  measurement  is  the  result  of  difficult 
sampling  conditions.  Nonetheless,  the  convention  of  treating  the  mass  of  NO*  as  though  it  were  all  NO2 
is  followed  in  this  paper.  Emissions  are  no.mallzed  with  respect  to  the  fuel  consumption  and  are  reported 
as  grams  cf  species  per  kilogram  of  fuel  -  a  parameter  referred  to  as  the  "emission  index".  The  advantage 
of  using  this  parameter  is  the  fact  that  it  eliminates  the  need  to  specify  the  local  mixture  ratio  (degree 
of  dilution)  at  the  point  of  sanpling.  Mass  emission  rates  are  obtained  from  the  product  0’  the  emission 
index  and  the  fuel  mass  flow  rate.  The  dimensions  used  by  the  Environmental  Protection  Agency  in  their 
proposed  emissions  standards  are  obtained  by  multiplying  the  emission  index  by  the  effective  thrust  specific 
fuel  consumption,  with  proper  attention  paid,  of  course,  to  the  use  of  consistent  units. 
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Figure  3.  Aircraft  gas  turbine  engine 
emissions:  hydrocarbons. 


Fiqure  4.  Aircraft  oas  turbine  engine 
emissions:  aldehydes. 


Measured  gas  turbine  exhaust  emissions  of  carbon  monoxide,  hydrocarbons,  and  aldehydes  are  presented 
as  a  function  of  the  engine  power  output  in  Figures  2-4.  Similar  trends  are  noted  for  all  three  of  these 
gaseous  reducing  species.  Hig  emission  levels  occur  at  low  power  settings  (idle)  as  the  combined  result 
of  poo>*  mixing  and  rapid  cooling  by  an  excesi  of  air.  At  high  power  leveis  the  emissions  indices  of  all 
of  these  species  drop  to  very  low  values.  It  is  -interesting  tc  note  that  the  concentrations  of  aldehydes 
are  roughly  ccsparable  to  those  of  hydrocarbons.  The  curves  are  least  square  fits  of  the  data  and  the 
coefficients  for  their  algebraic  expressions  .are  given  in  Table  3.  Engine  groupings  are  arbitrary.  The 
correlation  between  hydrocarbons  and  carbon  monoxide  deduced  by  Lipfert  (20)  is  shown  in  Figure  5.  A 
direct  relation  of  carbon  monoxide  and  hydrocarbon  emissions  with  conbustor  Inefficiency,  Figure  5,  was 
pointed  out  by  Lipfert  (2P)  and  others  (221. 

faoke  density  tends  to  increase  with  power  level.  Figure  7.  This  property  probably  results  from  a 
combination  of  increased  combustor  pressure  and  increased  sizes  of  fuel  rich  mixture  regions  In  the  com¬ 
bustor.  Unlike  the  three  gaseous  reducing  species,  htgher  power  levels  apparently  dv  not  provide  suffi¬ 
ciently  increased  oxidation  retes  to  cause  smoke  levels  to  drop. 

Hie  oxides  of  nitrogen  exnibit  quits  a  oifferent  behavior  from  that  of  the  previously  describe? 
gaseous  species,  increasing  rather  than  decreasing  with  power,  as  shown  ir.  Figure  8.  Lipfert  observed  that 
the  oxides  of  nitrogen  are  related  directly  to  the  cobbustor  inlet  air  temperature.  Figure  9.  The  striking 
degree  of  correlation  among  the  emissions  fren  a  nusber  of  different  engines  Is  surprising  and  suggests  a 
fundamental  similarity  between  the  processes  controlling  the  formation  of  nitric  oxide  in  these  engines. 
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Table  3.  Coefficients  for  the  algebraic  expression 

in  (emissions  Index)  *  exp[A  +  B  £n(X  power)] 
representing  the  least  square  fits  to  the  gas 
turbine  emissions  data. 


Pollutant 

Group 

Engines 

■*, 

»« 

B 

I 

JT30,  R.R.Spey 

2.75013 

-.110670 

CO- 

11 

JT8D 

2.73877 

-.104240 

III... 

J52,  J57,  TF30 

2.77706 

-.1I2043 

I 

JT3D.  R.R.Spey 

2.5>"57 

-.227019 

HC 

II 

JTO 

2,72sl5 

-.180856 

HI 

u52,  J57,  TF30 

2.76556 

-.188982 

I 

JT3D,~ R.R.Spey 

2.78643 

-.151952 

Aldehydes 

II 

JT8D 

2.59304 

-.118274 

III 

J52,  JS7,  TF30 

2.45164 

-.0718543 

I 

JT3D,  R.R.Spey 

2.30707 

-.0983149 

NO 

II 

JT8D 

2.21816 

-.0755872 

X 

III 

J52,  J57,  TF30 

2.17307 

-.0534085 

I 

JT3D 

1.96388 

-.0595246 

Smoke 

II 

JT8D 

2.41608 

-.147993 

Density 

IV 

TS6 

1.66657 

-.00494483 
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Figure  5. 
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Correlation  between  hydrocarbons 
and  carbon  monoxide  emissions  from 
aircraft  §4s  turbine  engines. 
Adapted  from  (20). 
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Figure  5.  Relation  of  hydrocarbon  and  carbon 
monoxide  emission  indices  to  com¬ 
bustion  inefficiency.  Taken  from 
(20). 


Although  the  quantity  of  information  on  engine  emissions  has  increased  greatly  In  the  past  tws  years, 
the  need  for  additional  data  still  remains.  Careful  attention  to  sampling  and  analytical  procedures  and 
consideration  of  the  effects  of  such  parameters  as  ambient  hmidity  and  temperature  should  help  reduce  the 
scatter  in  the  results  of  emission  measurements.  The  trends  shown  in  the  available  data  art  sufficient, 
however,  to  establish  qualitatively  the  inportant  factors  controlling  pollutant  emis^fons. 

LABORATORY  COK3USTOR  STUDIES 

All  gas  turbine  engine  and  most  gas  Ivrbine  combjstor  emission  studies  have  been  concerned  primarily 
with  the  measurement  of  exhaust  composition.  Exhuast  composition,  however.  Is  controlled  almost  entirely 
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Figure  7.  Aircraft  gas  turbine 
swoke  density. 
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Figure  ®.  Aircraft  gas  turbine  engine 

emissions:  oxides  of  nitrogen 
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Figure  9.  Aircraft  gas  turbine  oxides  oi  nitrogen 
correlation  with  combustor  inlet  temoera- 
ture.  Adapted  from  (20). 
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by processes  taking  place  within  thecombustor.  Consequently  a  series  of  laboratory  combustor  studies 
have  teen  undertaken  at  Berkeley  based  cn  the  sampling  of  coabustion.products  from  within  the  combustor. 
The  major  results  of  this  continuing  experimental  research  program.initiated  approximately  five  years 
ago,  have  been  reported  in  the  literature  (23-28).  81  van  hare  In  Figures  10-H  are  selected  centerline 
composition  profiles  for  carbon  monoxide,  hydrocarbons,  aldehydes,  particulates,  and  oxides  of  nitrogen. 
In  all  cases  the  fuel  was  JP-4.  Cos6ustor  pressure,  coefcustor  loading,  and  mixture  ratio  were- tbs  same 
enly-for  the  measursaents  of  carbon  monoxide,  hydrocarbons,  and  oxides  of  nitrogen.  This  prevents  making 
direct  comparison  of  these  data  with  those  obtained  for  aldthydes  and  particulates- 


Figure  10.  Laboratory  gas  turbine  combustor 
centerlina  carbon  monoxide  and 
temperature. 


Figure  11.  Laboratory  gas  turbine  coebustor 
centerline  hydrocarbons  and 
temperature. 
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Figure  12.  laboratory  gas  turbine  combustor 
centerline  aldehydes  and  teepera* 
ture. 
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figure  13.  Laboratory  gas  turbine  combustor 
centerline  particulates  and 
temperature. 
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Figure  14.  Laboratory  gas  turbine  coai-ustor 
centerline  oxides  of  nitrogen 
(reported  as  NO2)  and  tempera¬ 
ture. 


Carbon  monoxide  is  oxidized  i.i  the  dilution  2one  of  the  combustor.  At  a  distance  of  about  20  centi¬ 
meters  from  the  fuel  nozzle,  however,  the  reaction  of  carbon  monoxide  is  quenched  as  a  result  of  ccollng 
by  the  dilution  air.  The  disappearance  of  carbon  monoxide  is  controlled  by  the  reaction,  CO  +  OH  *  CO?  +  H. 
Since  this  reaction  has  low  activation  energy,  the  abrupt  reduction  in  reaction  rate  is  probably  due  to 
the  disappearance  of  OH  radicals.  A  simple,  chemical  kinetic  model  for  the  disappearance  of  CO,  based  on 
an  equilibrium  concentration  of  OH  radicals,  yields  the  following  expression  for  its  rate  (29): 

.  iillia  .  lan.™  T-i  ,„(.$$£,  ^  ^  pW, 

The  oxidation  of  hydrocarbons  occurs  much  more  rapidly  than  carbon  monoxide.  This  leads  to  much  lower 
concentrations  of  hydrocarbons,  even  though  the  quenching  of  the  hydrocarbon  reaction  in  this  experiment 
occurred  before  that  of  carbon  nonoxide.  The  end  result  is  consistent  with  the  engine  emission  character¬ 
istics.  The  kinetic  mechanism  of  hydrocarbon  oxidation  cannot  be  expressed  in  terms  of  a  simple  relation. 
The  hydroxyl  radical  plays,  no  doubt,  an  Important  role  in  the  process,  so  that  quenching  at  a  temperature 
close  to  that  observed  for  carbon  monoxide  Is  expected. 

Aldehydes  arc  found  in  the  combustor  at  low  concentrations  (less  thno  hydrocarbons  In  the  dilution 
zone  whereas  carbon  monoxide  Is  at  a  higher  concentration  than  the  hydrocarbons).  The  apparent  slow 
disappearance,  as  illustrated  in  Figure  12,  Is  somewhat  misleading  slncu  these  species  are  probably  being 
formed  as  well  as  being  destroyed  in  the  dilution  zone.  The  aldehydes  are  particularly  reactive.  Using 
a  simple  ncdel  similar  to  that  employed  for  carbon  monoxide,  the  disappearance  of  formaldehyde  is  predicted 
to  take  place  at  a  rate  given  by  tie  expression  (29): 


d  ^i2CO 


,14.033  ,-1 


r’  ^  *„  pW> 


This  reaction  continues  at  temperature  below  the  quench  temperature  for  carbon  monoxide. 

The  apparent  oxidation  of  particulates  in  the  dilution  region  is  shown  in  Figure  13.  As  mentioned 
before,  a  detailed  discussion  of  the  behavior  of  this  pollutant  In  the  combustor  is  given  in  Paper  No.  28. 

The  nitric  oxidn  profile  In  the  combustor  is  quite  different  from  the  species  discussed  so  far.  Nitric 
oxide  Is  formed  in  the  primary  zone  and  in  the  first  part  of  the  dilution  zone.  Once  forced,  it  shows  no 
tendency  to  disappear.  The  observed  dependence  of  nitric  oxide  formation  on  tenperature  is  consistent  with 
a  highly  simplified  chemical  kinetic  model  (30)  based  on  the  Teldovich  mechanism  and  equilibrium  oxyqefi 
atom  concentration,  Ihls  model  yields  fte  rate  (29):  ^ 


: &  ■4*-+F> 


”-  1015'565  r1  sxp{*J^)  X^  X0  **  ?H  (sec"1) 


The  quenching  of  the  formation  taction  takes  piece  early  in  thn  dilution  region  and  occurs  well  before 
the  nitric  oxide  approaches  an  equilibrium  concentration. 

Extrapolation  of  these  laboratory  studies  directly  to  engine  characteristics  1;  not  intended  or 
proposed.  The  pressures,  temperatures,  and  leadings  of  the  model  combustor  used  for  our  studies  are 
below  those  characteristic  of  modem  gas  turbines.  It  should  be  noted  that  important  radial  variations 
in  the  laboratory  confcustor  have  beeh  observed  (25),  so  that  the  one  dimensional  pi 09  flow  model  suggested 
by  our  pressntation  here,  based  only  on  the  centerline  measurements,  should  be  regarded  as  an  oversimpli¬ 
fication  of  the  actual  processes.  Indeed  the  importance  of  a  distribution  of  local  mixture  ratios  has 
been  pointed  out  by  Heywood  (31). 
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Figure  Is.  Arrhenius  Dlot  of  oxides  of  nitrogen  emissions 
index  (reported  as  NO2).  Temperature  refers  to 
nwximum  local  combustor  temperature  based  on 
adiabatic,  stoichiometric  combustion. 


EFFECT  OF  OPEfWlW'l  CONDITIONS  AND  ENGINE  PARAMETERS  ON  NITRIC  OXIDE  EMISSIONS 

Hie  remarkable  correlation  of  nitric  oxide  emissions  from  a  number  of  different  gas  turbine  engines 
operating  over  a  range  of  power  settings  with  the  combustor  inlet  air  temperature.  Figure  9,  may  be 
interpreted  In  terms  cf  the  simple  kinetic  model  given  In  the  preylou*  'action.  The  rate  of  formation  of 
nitric  oxide  is  postulated  to  depend  upon  the  role  fraction  of  nitrogen  and  oxygen,  upon  the  square  root 
of  the  combustor  pressure,  and,  most  Importantly,  upon  the  maximum  local  tert>erature  within  the  combustor. 
The  maximum  Tcca.1  teapsratune  was  predicted  from  the  inlet  air  temperature  under  the  assumption  of 
stoichiometric  combustion.  Such  data,  based  In  part  on  Fioure  9,  are  plotted  in  standard  Arrhenius  form, 
Log(NOv)  vs  1/7  in  Fig.  15.  The  striaght  line  is  drawn  through  the  data  with  a  slope  correspond! n.  to 
the  effective  activatioi  energy  of  -135  fccal/gn-mole  °K  corresponding  to  the  Zeldovich  mechanism.  Again, 
the  agreement  is  most  remarkable. 

The  engine  data  show  a  greater  slope  than  predicted  from  the  effective  rate  constant  for  the  formation 
of  nitric  oxide.  The  difference  Is  consistent  with  the  predicted  square  root  dependence  of  the  rate  cf 
nitric  oxide  formation  upon  the  combustor  pressure.  The  engines  having  the  greatest  maximum  combustor 
temperature  also  have  the  highest  combustor  pressures,  Tha  pressure  effect  also  explains  the  difference 
between  Hie  high  altitude-  nitric  oxide  emission  from  the  Olympus-593  engine  (solid  circle)  and  the  other 
data  which  were  obtained  from  sea  level  tests. 

These  observations  lead  to  the  strikingly  significant  conclusion  that  the  characteristic  time  for 
nitric  oxide  formation  has  been  about  the  same  or  all  of  these  engines. 

A  theoretical  analysis  was  undertaken  to  determine  the  effect  of  aircraft  operational  conditions  and 
engine  parameters  on  the  formation  of  nitric  oxide.  "Influence  coefficients*  indicating  the  sensitivity 
of  r.Urlc  oxlce  formation  to  changes  In  these  parameters  »  *.'e  calculated.  Two  separate  cases  were 
examined:  1)  typical  take  off  conditions  for  a  hi^i  perforeir.ee,  high  bypass  turbofan  engine,  and 
2)  supersonic  cruise  conditions,  representative  of  an  advanced  turbojet. 

Reference  values  for  the  operational  and  engine  parameters  were  selected  for  the  take  off  and 
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supersonic  cruise  cases  described  above.  Fror>  these  reference  conditions,  nitric  oxide  formation  was 
calculated  and  then  recalculated  perturbing  one  parameter  at  a  time.  The  changes  in  the  nitric  oxide 
levels  diss  to  parameter  perturbations  were  roted  and  then  used  to  calculate  the  "influence  coefficients 
which  are  reported  In  terms  of  the  perre-t  change  In  nitric  oxide  roraatlon  per  unit  cnange  In  the  parameter. 

It  was  a?su*d  that  nitric  oxltte  production  occurs  largely  In  stoichiometric  regions.  Further,  It 
was  assumed  tl;at  in  the  regions  Important  to  nitric  oxide  formation  all  Important  chemical  species  are 
at  their  equilibrium  concentrations  and  nitric  oxide  levels  remain  sufficiently  below  their  equilibrium 
values, so  that. nitric  oxide  decomposition  reactions  could  be  Ignored.  The  following  steps  were  then  used 
for  the  calculation  of  nitric  oxide  formation:  1)  combustor  inlet  conditions  (temperature  and  pressure) 
were  calculated  from  tie  operational  conditions  and  englnj  parameters,  2)  equilibrium  concentrations  of 
Important  chemical  species,  excluding  nitric  oxide,  and  the  adiabatic  flame  temperature  were  evaluated 
for  a  stoichiometric  mixture,  3)  nitric  oxide  formation  was  computed  using  the  simple  model  described 
previously. 

The  reference  values  of  the  operational  and  engine  parameters  assured  for  the  two  cases  are  surearlzed 
in  Table  4.  Perturbed  values  of  the  parameters  were  chosen  as  10  percent  above  and  below  the  reference 
values,  except  where  reason  dictated  that  other  values  be  used.  The  results  of  these  nitric  oxide  influence 
coefficient  calculations  are  presented  In  Table  5.  Nitric  oxide  formation  Is  shown  to  be  extremely  sensi¬ 
tive  to  altitude  for  the  take  off  conditions  and  to  altitude,  pressure  ratio  and  flight  Mach  nur«ber  for 
the  supersonic  cruise  conditions. 


Table  4.  Sunmary  of  reference  point  data  for  typical  take-off  and 
supersonic-cruise  operating  conditions 


High  performance, 
high  bypass,  turbofan 
engine  at  take  off 

Advanced 
turbojet  engine 
at  supersonic-cruise 

Ambient  temperature  (°K) 

.  as. 

217. 

Ambient  pressure  (atm) 

1.0 

0.0546 

Relative  humidity  {%) 

50.0 

0.0 

Altitude  (cn) 

0.0 

20.0 

Mach  number 

0.0 

2.7 

Conpressor  pressure  ratio 

40.0 

12.5 

Polytropic  compressor  efficiency 

0.9 

0.9 

Diffusor  efficiency 

1.0 

1.0 

Fuel  hydrogen/carbon  ratio 

1.94 

1.94 

'uel  enthalpy  of  formation  (cal/mole) 

-5430. 

-5430. 

Equivalence  ratio  In  pollutant 
formation  zone 

1.0 

1.0 

Residence  time  in  pollutant 
formation  zone  (msec) 

O.S 

0.5 

Kater  injection  (wt.  HgO/wt.  (HjO+fuel)) 

0.0 

0.0 

It  Is  Important  to  note  that  the  results  of  a  linear  perturbation  analysis  of  this  sort  should  be 
Interpreted  with  some  reservations  and  proper  understanding  of  their  significance.  The  operational 
parameters  are  not  aTl  independent.  For  example,  a  change  In  flight  Mach  number  would  usually  also  be 
accompanied  by  a  change  In  flight  altitude,  pressure  ratio,  etc.  No  attempt  was  made  to  account 
for  such  multiple  Interactions  In  this  study  and  therefore  tr.-e  Influence  coefficients  presented  re¬ 
present  only  a  first  approximation  of  the  effects  of  changes  in  operational  parameters. 

The  effect  of  the  operational  conditions  and  engine  parameters  upon  nitric  oxide  formation  appears 
only  through  their  effect  on  the  combustor  inlet  temperature  and  ejebustor  pressure.  As  discussed 
previously,  there  Is  some  justification  for  the  use  of  such  a  simplified  model.  The  model  Is  consis¬ 
tent  with  the  dominant  chemical  kinetics  and  he  experimentally  measured  values  of  nitric  oxide  emissions. 

An  important  conclusion  is  that,  in  the  absence  of  controls,  nitric  oxide  emissions  should  Increase 
with  Increasing  engine  performance.  The  most  promising  control  technique  appears  to  be  the  limitation  of 
the  maximum  combustor  temperature  through  lean  combustion  and  uniform  distribution  of  the  reactants 
throughout  the  cosbustor. 


CONCLUSIONS 

Our  review  may  be  summarized  by  the  following  conclusions: 

1. )  Although  CTcraft  pollutant  emissions  today  are  in  most  cases  relatively  minor,  the  potential 
exists  In  the  future  for  aircraft  to  beavre  major  contributors. 

2. )  The  dependence  of  aircraft  gas  turbine  pollutant  emission  Indices  on  the  engine  power  If.vel 
can  be  classified  into  two  distinct  groups:  a)  the  hydrocarbons,  aldehydes,  and  carbon  nonoxide  sbich 
decrease  with  load  and  b)  oxides  of  nitrogen  and  particulates  which  esdrlbit  the  opposite  trend.  With 
reference  to  the  first  group,  unburned  hydrocarbons  arid  carbon  monoxide  correlate  wit,  cortustor  Inefficiency 
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Table  5.  Simmary  of  Influence  coefficients  for  typical  lake  off  and 
supersonic-cruise  operating  conditions 

%  Change  in  nitric  oxide  concentration* 
Change  In  parameter” 


Parameter 


High  perl.iiTOiici:, 
high  bypass,  turbofan 
engine  at  take  off 


Advanced 
turbojet  engine 
at  supersonic-cruise 


A/rbient  tenperature 


-0.36?/(°K  increase) 
0.58*/(°K  decrease/ 


2.?S/(°K> 


Aablent  pressure 
P.elative  humidity 
Altitude 
Mach  number 

Compressor  pressure  ratio 
Polytropic  compressor  efficiency 
Diffusor  efficiency 
Fuel  hydrogen/carbon  ratio 
Fuel  enthalpy  of  formation 


0.10S/(0.P01  atm) 
-0.55S/CX  R.H.) 
-231/ (km) 


3.417(0.001  atm) 


8.11/(unit  P.R.) 
-6.817(0.01  unit) 


3.41/ (0.1  unit) 
-0.901/(100  cnl/mole) 


-291/(km) 

71/(0.01  ra) 

271/ (unit  P.R.) 
-4.41/(0.01  unit) 
3.21/(0.01  unit) 

2. 21/(0. 1  unit) 
-•0.661/(100  cai/mole) 


Equivalence  ratio  in  pol’utar.t 
formation  zone 


.01  unit  decrease 


-2. 71/(0. 
1. 21/(0. 


01  Increase) 
01  u>  t  decrease) 


Residence  time  in  pollutant 
formation  zone 


Wat?- 


20%  (0.1  msec) 
-2.51/(0.31  unit) 


20%  (0.1  msec) 
-1.3t/(0.Cl  unit) 


A  minus  sign  indicates  that  the  nitric  oxide  changes  inversely  with  the  parameter,  i.e.,  the 
nitric  oxide  concentration  decreases  as  the  absolute  numerical  value  of  the  parameter  increases. 


This  surprising  decrease  in  nitric  oxide  with  increasing  ambient  tenperature  results  because 
relative  hinidity  was  held  constant.  There  is  a  disproportionate  increase  in  water  content  with 
temperature;  this  water  acts  as  a  diluent  to  suppress  combustor  temperatures  and  hence  nitric 
oxide  formation. 


and  their  emissions  therefore  can  be  minimized  by  maintaining  high  combustor  efficiency.  *he  absolute 
level  of  their  emissions  is  relatively  low  because  high  emission  indices  occur  at  low  fuel  flow  rates. 
With  reference  to  the  second  group,  their  emissions  become  more  significant  because  the  high  levels  of 
their  emission  Indices  occur  at  thw  highest  fuel  flow  rates. 


3.)  The  oxides  of  nitrogen  emissions  correlate  remarkably  well  to  an  Arrhenius  law  with  respect  to 
the  maximum  combustor  temperature.  The  resulting  effective  activation  energy  is  close  to  that  for  a 
simple  chemical  kinetic  formation  mechanism  based  on  the  classical  Zeldovich  mechanism.  The  formation  of 
the  oxides  of  nitrogen  is  sensitive  to  operational  parameters  which  increase  combustor  Inlet  air  tempera¬ 
ture,  especially  compressor  pressure  ratio  and  flicpit  Had;  number. 


4.)  The  minimization  of  oxides  of  nitrogen  emissions  requires  control  of  the  combustion  process  to 
avoid  local  regions  of  high  temperature.  The  pronv/tien  of  lean  combustion  with  uniform  mixture  ratio 
distribution  is  a  promising  means  of  limiting  oxides  of  nitrogen  fonsation. 
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Discussion  on  Paper  22 

'‘Factors  Controlling  Pollution  Emissions  from  Gas  Turbines’- 
presented  by  R.F.Sawyer 


K.Heuer.  Comparative  figures  would  be  appreciated  on  the  increase  oi  oxides  of  ritiogcn  when  using  the  so-called 
reduced  smoke  “JT8D"  burner  cans.  !f  exact  data  are  not  available,  what  is  the  approximate  percentage? 

R-F.Sawyer:  Limited  test  data  indicate  that  NO  increases  with  the  JT8D  “smokeless"  cans  are  about  10  209- 

A-KPomey; 

(1)  Figure  9  should  be  marked  “Sea  Level  Static”  except  fo:  the  Olympus,  data  point. 

(2)  Please  comment  on  the  problems  associated  with  sampling  engine  exhaust,  particularly  th»  probe  material, 
sampling  line  material,  pumps,  etc.,  associated  with  emission  measurements  in  altitude  test  cells. 

R.F.Sawyer:  The  first  point  is  well  taken.  AH  of  the  data  on  Figure  9  are  for  sea  level  static  tests  with  the  exception 
of  the  Olympus  data  ,'Oint  which  is  for  simulated,  high  altitude  flight  conditions  and  is  not  comparable  to  the  other 
data. 

Serious  difficulties  exist  in  the  measurement  of  NO  oxide  as  the  result  of  reactions  m  stainless  steel  sampling 
probes.  The  problem  is  most  serious  with  reducing  atmospheres  and  u.  'ooled  probes  but  significant  destruction  of 
NO  can  occur  with  oxidizing  atmospheres  and  cooled  probes.  Sampling  tiom  high  velocity  exhausts,  especially  with 
reheat,  appears  to  present  particular  difficulties  in  obtaining  unaltered  samples  for  analysis. 

FJ.Verkamp:  General  Motor:  has  calculated  combustion  efficiency  based  upon  CO  and  H/C  e.ihaus*  gas  analysis 
for  approximately  15  years.  I?  combustion  efficiency  is  used  as  an  index  ‘o.  emission  performance  or  control, 
should  nitric  oxide  be  included  in  the  calculation  of  combustion  efficiency  ? 

It  was  interesting  to  observe  that  CO  and  NOx  trade-off  in  all  the  emission  data  reported  in  you:  paper 
included  the  emission  measurements  inside  the  combustor. 

The  data  presented  m  cigure  9  of  your  paper  is  often  mK-used  and  mis-appiicd.  Various  people  have  concluded 
that  low  combustor  inlet  temperatures  arc  required  to  achieve  low  NOx.  In  fact,  it  is  .asier  to  achieve  simultaneous 
low  CO  and  NOx  emissions  at  high  Het  combustor  temperatures  because  new  ”non-co.:vecition3i'!  combustor  designs 
such  as  premix/prevaporization  can  oc  applied  in  gas  turbine  engines.  It  is  interesting  to  oo’e  that  data  was  presented 
at  the  annual  ASME  eas  turbine  meeting  on  Apm  9,  1973,  which  shows  that  NOx  decreases  with  increasing  iniet 
temperature.  Perhaps  we  are  working  on  the  wrong  type  of  subsonic  aircraft  engine.  Should  wc  not  be  developing 
a  regenerative  low  cycle  pressure  ratio  engine  which  would  have  low  fuel  consumption  and  low  emissions? 

R.F.Sawyes:  The  presence  of  NO  in  the  exhaust  does  represent  a  combustion  inefficiency.  If  the  NO  were  converted 
to  Nj  and  02.  energy  would  be  released.  The  amount  of  the  energy  so  trapped  is  genmlly  very  small.  Although 
mere  may  be  s^me  justification  to  the  suggestion  that  combustion  efficiency  be  redefined  tc  include  HO, ;  would 
y*,er-'  tc  see  the  definition  left  in  terms  of  hydrocarbons  and  carbon-monoxide. 

Although  ihc  current  practice  tends  to  create  trade-offs  between  CO  and  NO,  there  is  no  fundamental  reason 
why  both  cannot  be  reduced  simultaneously  in  gas  turbine  engines.  This  does  not  mean  that  both  reach  their 
absolute  mr:mum  levels  at  the  same  operating' conditions. 

If  all  other  conditions  arc  held  unchanged,  increasing  combustor  air  iniet  temperature  will  increase  NO.  I 
interpret  the  results  to  wh.ch  you  refer  to  be  the  consequence  of  other  counteracting  processes  which  act  to 
reduce  the  local  maximum  combustor  temperatures  (which,  in  fact,  control  NO  formation). 

R.F  Jones:  In  Table  2  you  showed  some  values  of  CO.  hydrocarbon,  NOx  which  are  the  EPA  goals  for  1979  and 
you  suggested  these  to  arrive  at  the  proper  initial  index  values  which  we  can  use.  That  is  not  correct.  You  should 
multiply  by  approximately  4.  If  you  insist  on  doing  this.  I  would  suggest  rather  that  you  use  the  proper  number 
and  make  some  conversion  to  get  CO  hydrocarbon  NOx  numbers  into  the  proper  emission  index. 

Next,  Figure  6.  You  showed  combustion  inefficiency.  1  don’t  believe  5  have  ever  seen  the  values  of  emission 
index  for  hydrocarbons  as  low  as  you  showed  for  \%  inefficiency  and  I  don’t  know  what  they  assume  the  fuel  to 
be.  We  standardly  have  taken  the  fuel  to  be  CH2  and  the  initial  index  for  i%  inefficiency  to  be  10  for  hydro¬ 
carbon  and  42Vi  for  CO,  and  as  far  as  I  know,  everyone  is  using  these  numbers. 

And  finally,  the  question  on  the  effect  of  *he  relative  humidity.  In  the  paper  I  am  goi.  >  give  tomorrow.  1 
find  that  the  effect  o»"  humidity  is  exponential.  It  is  approximately  e  -  19  times  the  humidity.  This  agrees  with 
the  work  tnat  has  been  done  previously,  in  which  they  say,  it  is  approximately  20  to  25',v.  These  arc  not  exactly 
correct  cither.  Would  you  care  to  comment  on  all  these  comments? 

R  Jr  .Sawyer:  Most  of  these  are  rather  specific  numerical  questions.  First,  you  are  sight  on  what  factors  you 
multiply  by.  it  depends  upon  the  engine,  and  the  aircraft  and  the  nature  of  the  landing  and  take-off  cycle 
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I  simply  biggest  that  they  are  of  the  same  order  of  magnitude;  in  some  cases  you  multiply  by  2  and  sometimes 
!>y  4.  Please  accept  that  this  is  a  very  rough  number.  One  thing  1  wanted  to  indicate  is  that,  automotive  gas  turbines 
for  exampie  are  a  factor  of  10  or.  20  below  these. 

As  far  as  the  CO  to  hydrocarbon  ratio  on  the  combustion  inefficiency  1  deter  to  you  on  this,  if  you  say  it 
should  b<*  a  4  to  1  ratio  instead  of  a  10  to  1  ratio,  1  accept  that. 

As  far  as  the  relative  humidity  numbers  S  suppose  you  arc  saying  that  these  numbers  don’t  agree  with  what 
year  experimental  numbers  say  it  should  be. 


iLS Jones:  It  , is  difficult  to  work  with  relative  humidity. 


m 


RjF.Sswye.':  {  3gree  with  the  numbers  20/25%. 

G.Kflppler:  First,  exhaust  emission  measurements  from  a  combustor  situated  behind  a  rotating  heat  regenerator  have 
shown  decrease  in  NO  emission  levels  with  increasing  air  inlet  temperatures.  However,  since  there  was  also  evidence 
that  exhaust  gases  were  recycling  because  of  leakages,  the  experimental  data  is  as  yet  insufficient  to  attribute  NO 
reduction  results  until  after  completion  of  detailed  testing. 
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A-Ferri:  In  gas  Turbines  with  premixed  fuel  ratio  and  low  fuel  air  ratio  the  reason  why  the  NOx  index  decreases 
with  increase  of  air  temperature  is  that  at  high  air  temperature  the  fuel  evaporates,  then  the  combustion  occurs  with 
low  maximum  temperature,  due  to  the  diffusion  of  the  gases.  The  fuel  does  r.ot  evaporate,  then  the  local  combus¬ 
tion  occurs  at  local  <p  of  1.  This  point  haj  been  dismissed  in  my,papcr  in  the  A! AA 
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Simulation  of  the  Short  tern  variatior  of  the  SO2 
concentration  in  Oslo  v-s  used  as  ar.  example 
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SUMMARY 

A  systematic  approach  to  study  the  effect  of  a  complex 
source  distribution  on  the  ambient  air  quality  is  described. 
Measurements  of  emission,  meteorological  parameters  and  ambient 
air  concentrations  are  used  to  develop  a  quantitative  >JK3del 
describing  the  important  physical  and  chemical  processes.  The 
model  is  mathematically  formulated  ir.  a  modified  form  of  the 
continuity  equation  for  the  pollution  component.  To  improve  the 
model,  regression  analysis  can  be  used.  An  example  of  tnis  approach 
is  given  in  the  study  of  air  pollution  in  Oslo  where  it  har  beer, 
shown  that  a  systematic  vertical  motion  is  the  most  important 
process  to  clean  the  air  in  Oslo  during  inversion  situations. 

Some  common  cs  arc  made  on  the  ’’model  approach’1  to  the  air  pollu¬ 
tion  problem.  ai'ovjnd  an  airfield. 
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1,  INTRODUCTION 

Much  work  has  been  carried  out  to  determine  the  emission  of  pollutants  from 
different  kind  of  aircrafts  during  different  phases  of  operation.  Some  work  has  also 
beer,  performed  to  clarify  the  concentrations  around  the  airfield. 

These  two  studies  may  ba  looked  upon  separately,  and  their  results  will  indica¬ 
te  wheth.tr  ar.  action  agr.ir.sr  the  air  po  lution  near  an  airfield  ?s  necessary  or  not. 

Often,  the  authorities  are  interested  in  using  the  measurements  of  ambient  air 
concentration  and  of  traffic  density  to  extrapolate  the  data  tc  other  traffic  conditions 
Ir.  order  to  do  this,  it  is  necessary  to  have  some  model  of  the  procesoes  that  describe 
the  connection  between  the  emission  and  the  ambient  air  concentration.  A  linear  depen- 
dance  is  often  used  for  the  extrapolation.  In  many  cases,  this  is  not  allowable  special¬ 
ly  when  reactions  between  the  pollutants  are  important  for  the  problem  under  consider¬ 
ation. 

In  this  pj”;  at ,  the  principles  of  development  and  use  of  an  air  pollution  model 
will  be  presented  :r  to..,. action  with  the  conditions  around  an  airfield.  Results  from  a 
numerical  model  stud-  ..i  t:.c-  SCj -pollution  in  the  area  of  Oslo  will  be  used  as  an 
example . 

2.  SYSTEMATIC  APPROACH 

Schematically,  the  development  and  use  of  a  model  ir.  an  air  pollution  study 
may  be  viewed  as  shown  in  Fig.  1.  The  three  boxes  on  the  top  indicate  natural  processes. 
The  emissi-n  of  pollutants  is  transformed  to  ambient  air  concentration  through  transport, 
diffusion,  chemical  reactions  and  physical  cleaning  processes.  Many  transformation 
processes  are  known  from  general  chemical  and  physical  knowledge. 

The  emission  rates,  the  ambient  air  concentration  and  parameters  describing  the 
pc-llutsnt  transformation  are  required,  and  they  are  equally  important  in  a  systematic 
approach.  Registrations  and  measurements  are  indicated  in  the  next  three  boxes.  The 
information  from  these  separate  studies  may.  of  course  be  used  separately.  Information 


concentration  may  be  compared  with  standards  fer  the  air  content,  and  tell  us  whether 
a  problem  exists  or  not. 

These  types  of  information  are  combined  in  a  model  that  uses  emission  informa¬ 
tion  at  input  and  generates  ambient  iii  concentration  as  output.  Calculated  concentra¬ 
tions  ov  he  compared  with  observed  concentrations  to  test  the  model.  A  study  of  the 
resulting  discrepancies  may  be  used  to  improve  the  model . 

to  perform-  this  comparison  in  a  systematic  way,  a  statistical  method  proposed 
by  Nordd  (1)  is  used. 
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This  method  consists  of  a  multiple  regression  analysis  that  selects  the  best 
parameters  describing  a  series  of  measurements.  When  several  independent  variables  are 
used,  the  best  set  of  parameters  is  selected  without  taking  the  best  single  parameter 
into  consideration.  Sew  dependences  with  physical  meaning  may  then  evolve  when  a  combi¬ 
nation  of  parameters  is  used. 

3.  THE  AIR  POLLUTION  MODEL 

Many  moaele  for  use  in  air  pollution  studies  have  been  evaluated.  Ail  physical 
models  concerning  the  connection  between  amiss! ;n  and  ambient  air  concentrations  of 
pollutants  can  be  mathematically  formulated  by  a  modified  form  of  the  continuity  equation 
for  the  pollutant  compounds. 

The  general  ferm  of  the  continuity  equation  is  given  in  equation  (1> 
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orthogonal  coct'dinstes  with  unit 

'z 

T  t  f 

vectors-  ■>,,  k 

:  pollution  concentration 
:  horizontal  and  vertical  diffusion 

T 

* 
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MX  + 

V3 

:  horizontal  velocity 

?6 

:  horizontal  gradient  operator 

AIx 

+  T~t — 

J  oy 

:  vertical  velocity 

The  statement  of  the  fcrmuJa  is  simply  that  the  local  air  pollution  concentra¬ 
tion  nhangss  with  time  because  of  systematic  large  scale  transport,  smaller  scale  trans¬ 
port  by  turbulence .  and  sources  and  sinks  of  the  pollutant  component. 

If  the  parameters  on  the  right  hand  side  of  the  equation  ( thr-ee-diaentionai 
velocity,  aiffucion  coefficients,  sources  and  sinks)  and  the  initial  value  of  the 
pollution  concentration  are  known,  the  aquation  (1)  may  be  solved  for  the  pelluti 
concentration  as  an  initial  value  problem.  A  specific  prcblom  has  to  be  analysed  before 


problem 

relevant  simplification  can  be  made 


Air  pollution  is  often  caused  by  an  emitting  chimney  that  may  bo  considered, 
in  many  cases,  as  a  continuous  point  source.  The  pollutants  are  diluted  by  the  atmospheric 


turbulence  in  addition  to  a  systematic  air  tramport  due  to  winds.  Often  the  scale  of 
the  pollution  cloud  is  small  compared  with  systematic  change  in  the  horizontal  wind 
field.  Relevant  approximations  are: 

1.  stationary  emission  of  an  inert  gas 

2.  stationary  ana  homogeneous  wind  conditions. 

These  simplifications  in  relation  to  a  point  source  lead  to  an  analytical 
solution  of  the  continuity  equation.  This  solution  may  also  be  inferred  irons  statistical 
consideration  of  the  interaction  between  the  pollution  cloud  and  the  atmospheric  turbu¬ 
lence.  The  analytical  formula  describes  the  cons  of  pollution  that  extends  from  a 
chimney  (A  Gaussian  plume  model).  The  forr.s.la  is  empirically  improved  so  that  observa¬ 
tions  match  calculations. 

The  success  of  the  Gaussian  plume  model  is  dependent  on  the  scales  of  the 
pollution  cloud  and  the  inhcmcgeniti.es  ir.  the  systematic  wind  fiela.  In  addition  to  the 
notion  of  a  point  source ,  a  line  source  is  often  considered  as  a  simplification  of  the 
emission  conditions  (fer  instance  when  considering  emissions  of  pollution  from  a 
highway}. 

In  many  cases,  no  simplifications  of  the  field  of  emission  and  the  other 
parameters  that  leads  to  an  analytical  solution  of  the  continuity  equation  are  possible. 

A  finite  difference  approximation  of  equation  (1)  then  offers  a  more  flexible 
solution.  Or.  the  other  hand,  ne-  difficulties  are  introduced,  such  as  artificial  diffu¬ 
sion,  because  of  the  finite  difference  system.  A  quasi  Lagrar.giar.  system  of  integration 
like  "the  particle  ir.  cell"  method  applied  by  Sclarew  (2)  reduces  this  artificial 
diffusion. 

A  time  dependent  model  offers  an  additional  testing  procedure  in  comparing  the 
response  of  tna  model  to  changes  in  the  parameters  with  observed  time  fluctuation  in  the 
ambient  air  concentration.  The  quantities  that  are  assumed  to  be  known  hai.e  to  be  measu¬ 
red  or  estimated  by  sub-models. 

4.  THE  OSLO  MODEL 

To  give  an  example  of  model  calculations  that  are  carried  out,  seme  results 
from  Oslo  wii±  be  presented.  A  more  compl. '&  description  if  these  calculations  may  be 
found  in  the  proceeding  of  the  tnird  meetii.g  of  the  NATO/CCMS  Panel  or.  Modeling  in 
Daris,  on  the  2nd- 3rd  October,  1972. 

The  Oslo  region  is  shown  in  F_g.  2.  The  urbanized  area  is  '.oncer.trated  in  about 
>0  kra^  and  about  4CG  00C  people  are  li  'ing  there.  The  city  of  Oslo  is  surrounded  by 
hills  (height  3-5C0  m)  on  one  side,  and  the  Oslo-fjord  on  the  other. 

During  wl  time,  this  system  of  topography  and  local  heat  sources  induce  a 
local  wind  system  the-  nay  create  air  pollution  problems.  This  happens  during  inversion 
situations,  and,  .  tat*stically,  a  close  connection  is  found  between  the  vertical  tempera 
ture  gradient  and  the  S02-concentration. 

Six  thermographs  were  placed  along  the  hillside  of  HolmenkoriAsen  &nd  were  u3ed 
together  with  the  temperature  recordings  at  the  permanent  meteorological  stations  to 
estimate  the  vertical  stratification. 
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Fig.  2:  The  area  of  Oslo  with  measuring  stations 
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The  site  of  the  continuous  wind  measuring  stations  CVj,  V2 ,  V}  and  V*  on  Fig. 2) 
were  chosen  in  crder  to  measure  the  wind  through  the  main  valleys.  Besides,  two  wind 
stations  were  placed  in  the  centre  of  '..he  city  in  addition  to  the  permanent  meteorologi¬ 
cal  stations  at  Blindern  (V«)  and  Forneby  (V2).  The  airfield  Fornebu  is  situated  on  the 
peninsula  in  rhe  South-Western  part  of  the  area.  This  part  of  the  map  is  shown  in  more 
detail  in  rig.  3. 

The  air  quality  survey  consisted  of  25  stations  measuring  the  daily  mean  t'02 
values  together  with  the  dust  on  filter  (by  light  reflection).  At  four  stations,  the 
moan  S02  concentration  was  measured  each  half  hour  (Bran  and  Liibbe  imcometcr).  The 
areometer  and  wind  stations  are  marked  in  Fig.  2.  Two  of  them  are  placed  in  the  centre 
of  the  city,  while  the  other  two  are  placed  North  and  South  of  this  centre  respectively. 

"hese  measurements  were  adapted  to  the  model  studies  and  the  observation  region 
is  divided  into  a  gridsystem  shown  in  Fig. 3.  The  regions  with  high  elevation  are  excluded 
from  our  system.  In  the  urban  area,  there  exist  a  lot  of  small  sources  at  different 
levels  up  to  a  certain  height  H.  Within  this  area,  the  buildings  and  the  heat  sources 
at  different  levels  lead  to  enhanced  turbulence  and  a  mixing  of  the  air.  In  the  comput¬ 
ations,  the  mean  concentration  in  this  lowes~  part  of  the  atmosphere  is  considered.  In 
that  way,  the  vertical  mean  value  of  equation  (1)  is  used 


m  H = 


<Kh  7h  « 


)  ♦(Jf 


+  sources  +  sinks 


(  )  :  the  mean  value  in  the  lowest  part  of  the  atmosphere  with  height  H. 


The  grid  system 


The  grid  distance  is  1  km,  and,  in  the  finite  difference  approximation  of  eq.  2, 
a  forward  time  step  and  an  upwind  finite  difference  system  were  used. 

The  finite  difference  approximation  introduces  an  artificial  diffusion. 
Seasonable  estimates  of  toe  actual  diffusion  coefficietVt  indicates  that  the  horizontal 
diffusion  term  in  eq.  (?)  is  small  compared  with  the  artificial  diffusion  on  a  km  scale 
and  that  the  vertical  diffusion  above  the  mixing  layer  along  the  ground  was  small 
during  inversion  situations. 

To  estimate  the  three-dimentional  windfield  in  the  Oslo-area  from  the  wirjd 
measurements ,  the  horizon tal^windfield  is  separated  in  two  parts,  one  divergent  (v  ) 
and  one  non-dive rgent  part  ( v?)  * 


( 3)  vh-  =  i  v,  ; 


VX  =  V  * 


V  =  k  x  7  ? 
?  K  *  h 


The  divergent  part  is  described  by  a  velocity  potential  x  and  the  nen-divergent 
part  is  described  by  a  stream  function  Y.  Observed  wines  in  the  valleys  (marked  by  a 
star  in  Fig.  3)  are  used  to  estimate  the  sti-eam  function  along  the  boundary  after  correc¬ 
tion  with  respect  to  the  divergent  part  of  the  velocity. 

A  town  represents  a  permanent  heat  souica  relative  to  its  surroundings,  and  will 
cause  vervical  motions.  As  a  first  approximation  it  is  proposed  to  put  the  horizontal 
divergence  (V>  •  v.  )  proportional  to  heat  sources  or  some  parameter  describing  the  heat 
sources.  *  n 

In  Oslo  this  is  done  hy  estimating  the  heat  sources  from  the  emission  of  SO2 
over  the  centre  of  the  city  and  from  the  temperature  difference  between  the  air  and  the 
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water  over  the  Oslofjord, 

(equation 

4). 

2  ta; 

^S02 

over 

the 

centre  of 

the  city 

(4)  V.  •  V  = 

V  X  A 
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n  n 

la2 

<V  V 

over 

the 

open  Oslo 

Fjord,  when 

{v 

T  ) 

W 
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Qt-02:  areal  sources  of  SO2  in  the  region 

T^-  T^:  temperature  difference  between  air  and  water 

ai  :  -  1,£  ♦  10  ®  s  *  (ton  S/(km*  *3  months))  * 

a2  :  +  3,0  *  10  4  s  *  deg 

The  values  are  regarded  as  empirical  estimates  of  the  combined  effect  of  gravi¬ 
tational  forces  and  heat  sources  in  the  area.  It  is  believed  that  these  factors  are 

functions  of  other  meteorological  parameters  within  the  region  (f.  ex.  inversely  propor¬ 
tional  to  the  stability  in  the  air),  but  no  definite  relationship  of  this  kind  was  cound 
in  the  present  investigation. 

The  vertical  velocity  w  is  determined  by  assuming  that  three  diraentional  air- 
streams  are  r.on-divergent. 

<S)  wh  =  -H  •  "h*vh 

To  estimate  the  stream  function  describing  the  horizontal  non-divergent  part  of 
the  wind  field  in  Oslo,  the  wind  measurement  from  each  of  the  valleys  was  used.  The  wind 
observations  were  corrected  with  raspect  to  the  convergent  wind  field,  and  the  corrected 
measurements  on  Husbergjjya  Vj,  Groruddalen  V2,  Mydalen  Vj  and  h'usby  Vi,,  were  used  to 
estimate  tl.e  streamfunction  along  the  boundary,  in  their  neighbourhood. .Mo  air  stream 
was  allowed  to  cross  very  steep  hillsides  (for  example  Holmenkollasen) .  lo  estimate  the 
streamfunction  within  the  region,  the  following  equation  is  used: 

(6)  =  0 

A  way  to  estimate  the  vorticity  within  the  region  has  not  been  found  without 
taking  a  more  complete  set  of  the  hydrodynamical  equations  into  consideration.  The 
intention  of  the  presented  wind  approximation  is  to  calculate  the  air  pollution  concentra¬ 
tion  within  an  urcar.  area,  and  it  is  believed  that  this  concentration  is  strongly  depen¬ 
dent  on  the  vertical  motion,  but  not  very  sensitive  to  small  changes  in  the  horizontal 
wir.d-direction.  The  mentioned  approximations  represent  a  bette.r  approximation  than  the 
assumption  of  an  homogeneous  wind-field  in  the  urban  area,  when  the  wind-field  is  weak. 
This  wind-field  model  was  generated  from  the  measurements  in  two  meteorological  case- 
studies  in  Oslo  and  tested  against  the  results  of  nine  other  case-studies. 

The  existence  and  the  location  of  a  stagnation  point  over  the  urban  area  of 
Oslo  is  reflected  ir.  our  model  calculations.  The  main  features  of  the  air  stream  round 
the  Oslo  Fjord  are  also  reflected  in  the  different  case-studies. 

This  indicates  that  our  appz'oximation  of  the  convergent  wind-field  works  fairly 
well  ar.d  the.  the  resulting  vertical  velocity  may  be  regarded  as  a  first  approximation 
on  the  scale  that  is  resolved  in  our  grid  system. 

The  observed  and  calculated  winds  in  one  of  the  case-studies  used  for  testing 
are  presented  in  Fig.  4.  The  arepws  (t)  show  the  calculated  wind  directions  in  each 
grid  point.  The  bached  arrows  (I  )  show  observed  wind  directions  at  the  gi  zen  time.  Th° 
observations  are  mainly  built  on  the  drifting  of  smoke  from  chimneys  (10-2C  m  above 
ground  level),  but  also  on  the  drift  of  soap  bubbles  about  2  m  above  the  ground.  In  the 
lower  right  part  of  tne  Fig.  4,  the  measurements  from  the  thermographs  show  the  depen¬ 
dence  of  temperature  on  height.  Date  and  time  of  the  case  study  are  giver,  or.  Fig.  4. 

Case  study  3:  11  a.m. ,  4tn  January  1969  ( F i g . 4 ) 

The  vertical  temperature  stratification  in  the  area  is  stable  with  a  neutral 
part  over  the  centre  of  the  city.  The  general  wind  field  shows  a  weak  wind  from  the 
West.  Because  of  this,  tne  stagnation  point  is  moved  Ncrth-Kastwards ,  relative  -0  the 
maximum  convergence  zone.  In  this  case,  the  observed  and  calculated  winds  correspond 
well.  One  exception  is  a  wind  observation  in  the  Western  part  of  the  town. 

Summary  of  the  case-studies 

In  some  case-studies,  the  presented  wind  model  does  not  work  well  ir,  some 
regions  of  Oslo.  This  may  be  due  to  local  canalization  of  the  air  flow  wnich  is  net 
resolved  in  the  aodei,  or  to  wind  fluctuations  which  the  semi-stationary  wimi  mod-tl 
does  not  take  into  consideration.  Besides,  the  wind  model  is  sensitive  to  the  meat  .rt>- 
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The- daily  emission  of  SO2  was  estimated  from  the  mean  seasonal  delivery  of 
sulphur  in  oil  by  using  the  daily  degree-day  number  and  the  reasonal  sum  of  these 
numbers.  The  degree-day  number  denotes  how  many  degrees  centigrades  the  daily  mean 
temperature  is  below  17°C.  The  hourly  emission  was  estimated  from  the  empirically 
determined  daily  emission  fluctuations. 

The  sink-term  of  S02  (A)  was  assumed  to  oe  a  function  of  the  SO2  concentration 
in  the  following  way: 

2 

(7)  A  =  cq  +  dq 

c  =  1.0  •  10“6  s"1  d  =  0.25  s’1(g/m3)“1 

The  functional  form  of  A  and  the  values  c  and  d  are  estimated  by  J.  NordjS  in 
connection  with  modelling  long  range  transport  of  air  pollutants. 

The  wind  model  was  used  together  with  the  presented  estimates  of  the  sources 
ans  sinks  for  SO2  in  the  region,  and  the  SO2  concentration  was  calculated  in  all  the 
grid  points  during  the  4  days:  17-18th  Dec./1970,  3-4th  Jan./1971,  4-5th  Jan/1971  and 
5-6th  Jan. /1971. 

The  timing  of  the  daily  measurements  was  the  reason  for  chosing  the  calculation 
interval  from  2  p.m.  to  2  p.m.  the  next  day.  The  initial  values  of  S02-cor.centration 
was  chosen  to  be  zero.  This  approximation  will  influence  the  calculations  during  the 
first  few  hours.  There  was  not  found  an£  reason  to  improve  this  approximation  although 
it  could  easily  be  done,  as  for  example  by  using  the  steady  state  solution  fox’  the 
given  wind  field  as  an  initial  value. 
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Fig.  6:  The  observed  and  calculated 
SO2  concentrations  in  Oslo 


Fig.  7:  The  observed  and  calculated 
—  ~  SO2  concentrations. 


Fig.  S  shows  the  calculated  and  observed  values  at  the  four  stations  from 
3  p.m.  the  17th  December  to  2. p.m.  the  18th  December.  During  the  night,  the  windspeed 
slowed  down  from  about  5  meters  per  ::econd  to  an  irregular  wind  of  about  1  m  per  second. 
This  is  the  reason  for  the  increase  of  the  SO2  concentration  that  is  observed  and 
calculated.  The  calculated  increase  at  St.-Olavs-Plass  is  too  low  compared  to  the  observed 
values.'  An  increase  from  about  100  tig  SOj/ra3  to  aoout  300  ug  S02/m3  at  St.  Har.shaugen  and 
an  increase  from  about  30  ug  S02/m3  to  100  yg  S02/m3  at  Bygddy  compared  well.  The  calcul¬ 
ations  at  Kjels&s  do  not  3how  any  large  change,  and  the  measurements  do  not  show  any 
fluctuation  at  all.  The  reason  for  this  may  be  the  limited  sensitivity  of  the  instrument 
used. 


From  the  presented  calculations,  it  may  be  concluded  that  the  response  of  the 
S02  concentration  to  larger  changes  in  wind  velocity  is  correct  with  respect  to  time  and 


space.  This  indicates  that  the  emission  of  SO2  and  the  wind  field  are  taken  into  consider 
ation  as  a  fair  approximation. 

In  Fig.  7,  the  calculated  and  observed  concentrations  between  the  third  and 
forth  of  January  ere  shown.  In  the  centre  of  the  city,  the  calculated  SO2  concentrations 
are  somewhat  to  hi^.h  and  somewhat  too  low  in  the  suburbs.  On  the  other  hand,  the 
calculated  fluctuations  -f  some  hours  duration  are  largely  obsarved  in  the  same  manner 
at  the  stations  St. Olavs-Plass ,  St  Hanshaugen  and  Bygdtfy.  One  exception  i3  a  three  hour 
increase  between  1  and  3  a.m.  at  St.  Hanshaugen.  This  increase  is  observed  somewhat 
later  and  with  smaller  amplitude  at  St.  Oiavs-Plass.  The  reason  for  this  might  be  a 
local  increase  of  the  emission  which  is  not  considered  in  the  calculation. 

The  short  term  fluctuations  in  the  calculated  SO2  concentrations  are  mainly 
due  to  changes  in  the  wind  field.  These  fluctuations  are  not  easily  recognized  whe  the 
wind  at  one  of  the  wind  stations  is  studied.  The  total  ventilating  effect  resulting  from 
the  air  flow  in  several  valleys  has  to  be  considered.  It  may  therefore  be  concluded  that 
one  wind  station  is  not  enough  to  describe  actual  short  term  fluctuations  of  the  air 
pollution  concentration  in  Oslo.  Further,  it  indicates  that  small  fluctuations  in  the 
wind  field  over  the  centre  of  Oslo  are  fairly  well  reflected  by  the  net  of  wind  measuring 
stations  placed  in  the  valleys  (V.  ,  Vj  ,  V)  ,  V»). 

Two  of  the  stations,  St-Olavs-Plass  and  St.  Hanshaugen  were  in  the  centre  of 
the  city  (Fig.  2).  The  difference  in  height  between  these  stations  was  about  70  m. 

It  did  not  seem  that  tnis  difference  made  any  deviation  in  concentration.  This  supports 
our  assumption  of  mixing  in  the  lowest  layer.  The  two  other  stations  were  placed  South 
(Bygapy)  and  North  (Kjelsas)  of  the  city  centre. 

The  dust  on  the  daily  expos,  d  filters  in  Oslo  has  been  analysed  with  respect  to 
sulphur.  The  sulphur  content  on  the  filters  appeared  to  be  closely  connected  to  the 
mea.ureu  SO2  concentration,  the  temperature  and  the  humidity  in  the  air. 

If  the  applied  sink-term  for  JC2  is  regarded  as  a  source  for  particulate  sulphur 
the  computed  concentrations  were  of  tl.e  same  order  of  magnitude  as  th  referred  measure¬ 
ments.  To  show  the  relative  importance  of  the  different  removal  processes  of  SO2  from  the 
ground  level  in  Oslo,  the  different  terms  of  equation  (2)  were  integrated  over  the  Oslo 
region,  and  the  results  are  given  in  percent  of  the  SO2  emission: 

-  removal  by  vertical  transport:  ^0  -  80  % 

"  by  horizontal  transport  0  -  SO  % 

-  "  by  the  applied  sinkterm:  5  -  20  l 

Due  to  the  organised  vertical  lifting  of  the  air  over  Oslo,  the  SO2  pollution 
within  the  city  remains  tolerable  despite  the  high  frequency,  of  stagnating  periods  daring 
winter. 


In  order  to  improve  the  model,  statistical  calculations  of  the  calculated  502- 
concentrations  in  relation  to  the  observed  concentrations  have  beer,  carried  out. 

The  correlation  coefficient  between  the  hourly  calculated  ar.d  observed  SO2 
concentrations  from  fc  ir  stations  during  the  four  days  turned  out  to  be  p.75.  This 
means  that  much  of  the  variations  remain  to  be  explained.  On  the  other  band,  many  of  the 
calculated  short  term  fluctuations  may  be  recognised  in  the  observations  at  several 
stations.  The  difference  between  the  calculated  and  observed  values  has  been  correlated 
with  other  meteorological  parameters  and  it  turns  out  that  the  correlation  between  this 
difference  on  one  hand  and  temperature  and  humidity  on  the  other  hand,  is  about  0.80  on 
_11  stations.  This  indicates  that  more  sophisticated  chemical  processes  should  he  consi¬ 
dered  when  trying  to  improve  the  model. 

On  the  other  hand,  when  results  from  different  periods  are  investigated,  diffe¬ 
rent  parameters  become  important  to  explain  the  deviations  between  observed  and  calcul¬ 
ated  values.  At  the  present  stage,  it  is  difficult  to  identify  one  single  process  that 
ought  to  be  considered  in  order  to  improve  the  model. 

5  GENERAL  COMMENTS  ON  MODEL  STUDIES  OF  AIRFIELDS 

When  an  airfield  is  considez-ed,  the  emission  configuration  is  vary  complex. 
Different  kinds  of  activities  may  oe  regarded  as  pollutant  sources.  Among  them  are 
the  running  of  aircraft  engines ,  the  heating  of  hangars  and  ether  buildings ,  and  the 
auto-traffic  in  connection  with  the  airfield.  It  is  important  to  evaluate  the  contribu¬ 
tion  of  individual  sources  to  the  observed  air  concentrations. 

A  map  of  Fornebu  near  Oslo  is  shown  in  Fi^,  8  as  an  example  of  an  airfield. 
Besides,  the  site  of  Fornebu  is  shown  in  relation  :o  the  Oslo  region  in  Fig.  2.  The 
definition  of  the  study  area  will  be  possible  after  formulation  or  the  problem.  Since 
most  of  the  sources  are  ground  sources,  it  is  the  airfield  itself  and  the  immediate 
neighbourhood  that  has  to  be  considered  from  a  local  point  of  view.  Runr.up  of  aircraft 
engines,  taxing,  take  off  ar.a  landing  nones  represent  relatively  high  pollution  sources 
on  a  local  scale. 

If  the  local  air  pollution  problem  in  the  surroundings  of  an  airfield  is  studied 
a  horizontal  resolution  of  100  m  would  be  chosen.. If  the  contribution  from  the  airfield 
Fornebu  to  the  air  pollution  in  Oslo  is  to  be  clarified,  this  may  be  done  by  the  model 
presented  in  section  thre*-..  Regarding  the  S02  pollution  in  winter,  the  airfield  was 
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assumed  to  be  a  small  source  and  in  that  way  not  considered.  On  the  other  hand,  if  the 
pollution  of  carbon  monoxide  (CO) ,  nitrogen  oxides  (NOx)  or  hydrocarbons  (HC)  is  to  be 
studied  on’ a  regional  scale  in  Oslo,  the  airfield  has  to  be  considered  as  a  significant 
soux’ce.  In  this  kind  of  problem,  the  airfield  may  be  looked  upon  as  a  volume  source  in 
a  similar  way  as  described  in  section  three. 
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The  operation  of  tne  airplane  engines  is  accompanied  by  an  increased  turbulence 
which  leads  to  an  initial  nixing  of  the  pollutants.  In  this  w*y,  the  pollutant  sources 
may  be  regarded  as  volume  sources  of  10-30  ra  height.  Subsequently,  the  pollutants  will 
be  dispersed  further  by  atmospheric  mean  wind  transport  and  turbulent  diffusion. 

Turbulence  generated  in  the  air  will  remain  for  some  tine  before  dissipation. 
Therefore,  different  wind  directions  may  give  different  mixing  ditions  over  an  air¬ 
field  as  a  result  of  different  roughness  of  the  ground  in  the  t.ighbourhood, 

Regarding  the  systematic  transport  of  pollutants,  the  a-'ea  around  an  airfield 
is  generally  flat  and  the  wind  field  may  be  assumed  constant  close  to  the  airfield.  This 
assumption  depends  on  the  extent  of  the  study  area.  Very  little  .s  known  about  the 
application  of  the  theory  of  systematic  vertical  motion  on  a  regional  scale,  altnough 
some  comments  may  be  made.  Horizontal  differences  of  the  atmospheric  heat  sources  and 
topography  may  be  regarded  as  the  causes  of  local  differences  in  the  wind  field.  The 
heat  sources  and  s'  *.ks  are  normally  connected  to  the  ground.  In  this  way,  topography 
also  leads  to  horizontal  differences  in  the  heat  sources,  and  tah-  part  in  the  genera¬ 
tion  of  local  air  streams  that  interact  with  the  larger  scale  wines.  Differences  in  the 
thermal  properties  of  the  ground  may  also  create  important  horizontal  differences  in  tne 
heat  sources.  This  should  be  kept  in  mind  when  the  meteorological  measurements  are  plan¬ 
ned  in  a  region. 

The  connection  between  emission  and  immission  ought  to  be  studied  with  an  inert 
gas  such  as  carbon,  monoxide  (CO).  A  study  like  this  may  serve  as  a  starting  point  for  a 
study  of  a  set  of  gases  that  interact  with  each  other.  A  mod'.l  of  this  interaction  has  to 
be  combined  with  the  emission  and  dispersion  processes.  The  chemical  processes  nay  be 
very  complex  and  different  processes  are  important  under  different  meteorological  condi¬ 
tions.  From  a  chemical  point  of  view,  i+  Is  difficult  to  :ransfer  Jesuits  from  experiments 
in  a  laboratory  to  the  actual  atmosphere.  A  model  study  as  described  may  be  useful  in  this 
Connection. 

Changes  in  parameters  describing  the  processes  influence  the  ambient  air  concen¬ 
trations  of  the  different  components.  Therefore,  the  model  should  be  tested  in  a  time 
scale  that  is  appropriate  considering  the  changes  in  the  ambient  air  concentration .  This 
is  probably  the  best  way  of  testing  the  model  properly. 

When  a  pollution  plume  from  a  point  source  is  considered,  the  meandering  of  the 
plume  is  a  wellknovn  fact,  and  it  is  .accepted  that  instantaneous  observations  of  the 
pollution  concentration  may  deviate  considerably  from  the  values  predicted  by  a  Gaussian 
plume  model.  On  the  other  hand,  the  observed  and  calculated  mean  values  match  fairly  well. 
If  this  test  method  is  used,  great  care  must  be  takers  not  to  misinterprete  observational 
facts  that  point  in  the  direction  of  other  important  processes  that  arc  not  included  in 
the  model.  These  processes  should  be  pointed  out  from"  an  analysis  of  the  scales  of  the 


terms  in  the  relevant  rJathematical  formulation  of  the  model. 

Development  and  use  of  a  model  for  an  airfield  will  give  information  about 
local  air  pollution  distribution  as  a  result  of  different  activities  in  connection  with 
the  airfield.  This  information  may  be  used  to  reduce  the  local  ambient  air  concentra¬ 
tions  effectively.  Further,  the  model  will  estimate  trends  in  the  ambient  air  concentra¬ 
tion  as  a  result  of  emission  tendencies.  The  contrib  lion  of  the  air  pollution  from  an 
airfield  as  a  whole  on  a  regional  scale  compared  to  other  sources  may  be  claiifiod  by  a 
relevant  model  on  this  scale. 
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Discussion  on  Paper  23 

“A  Systematic  Approach  to  the  Study  of  the  Connection  between 
Emission  and  Ambient  Air  Concentration” 
presented  by  K.E.Gr^nskei 


M.Wiiittaker:  The  author  seems  to  be  over  modest  and  this  study  seems  a  very  fine  piece  of  work,  i  would  like  to 
ask  whether  the  occurrence  of  mountains  in  his  model  makes  it  easier  or  more  difficult  to  apply.  I  am  thinking 
that  application  of  the  model  to  the  Stansted  Airport  study  of  Faiker  would  oe  very  interesting. 

K.E.Crdnskei:  In  principle,  mountains  make  no  difference.  We  did  not  consider  return  of  pollutants  to  ground 
which  might  be  important  on  flat  terrain. 
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RESUME 

De  nombreuscs  Atudes  son:  actueilement  en  cours  pour  prAvoir  ei  maitriser  In  quantitA  tie  produits  poUuants  CO  it  NO  dAlsvrAs 
i  la  sonic  de  !a  tuyAre  d'un  turborAacteur,  Cans  de  oombreu*  cas,  ces  qunnritAs  ne  doivens  pas  etre  prises  dfrectcment  cn  censidA- 
ration  pour  dAfiitir  lc  taux  de  pollution  du  raoteur  car  des  evolutions  sensible^  se  pou:suiv<-rt  dans  le  ;ec  A  i'ct'A  it  jr  du  riacteur, 
soit  que  1'Aquilibrc  chimique  n'ait  pu  Etre  atteint  dans  la  tuyA'z,  toil  que  lc  mAlang;  de  »z  vCIAs  uvcc  i'cir  amfciant  mcdiire,  dA- 
clenche  ou  fige  des  rAactions. 

Nous  avcns  abordA  ce  probleme  sur  le  plan  thcorique,  en  Atablissanr  une  raArhcde  de  calcul  numdrique  prena.u  cn  compte  C  !a 
fo:s  les  p'ndr.omAnes  de  mAlangc  turbulent  et  les  t£acc:ons  chimiques  hors  d'Aquilibrc,  Ainsi  nousavons  pu.  d'urtcoart  compa.  ;r  plu- 
sieurs  noddles  cAacrionnels  do.v  I’un  tient  comftc  de  !a  prfscnce  des  radicaui  H.  0,  OH,  N,  d’ autre  part  constnter  qu'cffect wtinent 
CO  peut  se  transformer  rcpidemcnt  aprfcs  la  sortie  en  COj  alors  que  e'es:  benucoup  plus  difficile  a  NO  de  disparaftre. 

THEORETICAL  STUDY  OF  THE  RESIDUAL  EVOLUTION  OF  POLLUTING  PRODUCTS  IN  TURBOJET  EXHAUSTS 
SUMMARY 

Many  studies  are  currenrly  under  way  co  predict  and  control  the  quantity  of  CO  and  NO  polluting  products  delivered  at  the  outlet 
o!  a  turbojet  nozzle.  In  many  cases,  these  quantities  should  not  be  directly  taken  into  consideration  to  define  the  engine  pollution 
rate,  as  noticeable  evolutions  take  place  in  the  jet  outside  the  engine,  cither  because  chemical  equilibrium  ha„  not  beer,  reached  in 
the  nozzie,  or  because  mixing  of  the  burnt  gases  with  external  air  modifies,  triggers  or  freezes  reactions. 

fe  tackled  this  problem  on  the  theoretical  view  point,  establishing  a  numerical  compiling  method  taking  inte  account  turbulent 
(nixing  phenomena  as  well  as  r.on-equilibriui.i  chemical  reactions,  in  this  manner  we  obtained,  on  the  one  hand,  a  comparison  between 
several  reaction  models,  one  of  which  taking  account  of  the  presence  of  H,  0,  OH  and  N  radicals,  and  on  the  other  hand,  the  proof 
that  CO  can  effectively  get  transformed  into  COj  quite  quickly  after  exhaust,  while  it  is  much  more  difficult  foi  NO  to  disappear. 


1.  INTRODUCTION 

Les  gas  brulAs  produits  par  un  turbo.tacteur  contiennent  une  grande  variAtA  de  produits,  doat  certains,  commc  NO,  CO,  C  sont 
considArAs  comme  poUuants.  Le  problAmc  gAnAral  de  prAvoir  les  oroportionsdr  ces  produits  cut  actutUcment  4  1‘ordre  tfu  jour  :  il 
nAcessitc  d’uoe  part  l'Aiud;  de  ia  cinAtiquc  des  rAactions  chiraiques,  et  d'autre  part  la  rep-Asc.itatioo  rfaliste  de  I'Avclutton  aAro- 
dynamique  des  gaz  dans  les  .oyers  des  turboreacteurs,  Nous  avons  abordA  ici  le  probldme  plus  simple  de  1’.  olution  Je  ces  produits 
poUuants  apris  la  sortie  du  turborAactcui,  au  cours  du  mAlangc  du  jet  avec  Fair  ambiant  ;  e'est  surtouc  dans  le  cas  d'un  turboreac- 
teur  avec  rAchauffc,  qui  dAiivre  des  g«z  relativement  chauds  (T>1500*K),  relativeracnt  rapidts  (  M  --  1,  u  >.  700  m/s),  et  horsd'equi- 
libre  chimique,  que  ce  probiAme  sc  pose  acturliemcnt. 

Cetrc  Atude  est  abordAe  d'un  point  de  vac  analytique.  Lt  s  rAactions  chimiques  hors  d’Aquilibre  qui  se  produicttit  dans  le  jet  ont 
AtA  teprAscntAcs  soit  pa'  des  schAraas  globaux  simples,  soit  par  tout  un  processus  rAactionncl  faie-nt  intervenir  les  espAces,  O,  02, 

H,  Hj,  OH,  HjO.  COj,,  NOj,  N.  N2  et  les  ..spAces  polluantes  auxqueilcs  nous  nous  sommes  limitAs  pour  l'instant  .  CO  c.  NO  ;  les  phino 
mAnes  de  mAlangc  turbulent  des  g02  chauds  ovec  l'ait  (avec  ou  sar.s  vitessc)  sont  pris  en  compte  en  utilisant  lc  schAma  de  longueur 
de  mAlangc  de  Prandtl.  V  te  mAthode  de  ealeui  numAriquc  a  alors  AtA  Ataklic,  permcitcnt  do  sutvre  le  dAroulemcn:  des  reactions  chi¬ 
miques  et  l'Avoiution  des  divers  corps  dans  les  difffrentes  zones  du  jet  ;  les  rAactions  taporuntes  sonr  alors  mises  en  Avtdcnce  , 
il  est  possible  de  voir  si  entaines  espAces  sont  proches  de  I'Aquilibr-  ou  au  cootraire  presque  figAes,  L'influence  dc  l'Atat  des  ffx 
dans  la  section  de  sortie  de  U  tuyAre  sur  leur  Avolution  alterieure  peut  etre  t usst  analysec  ;  cn  particular  les  prepottions 
des  cspAcee  dissociAes  0.  Oil,  H  et  la  forme  des  profits  transversaux  de  t  empAra'ures  se  sont  avArfs  etre  des  paramAtres  t  rAs  im¬ 
portant  s. 


2.  REPRESENTATION  n  f  5  REACTIONS  CHIMIQUES 
2,1,  Evolution  du  CO 

Les  taux  de  combuscinn  d'hydrocarbutes  ont  AtA  AtudiAs  experiment  alemetit  il  y  a  un  certain  temps  par  Longwell,  Malcolm, 
Weiss  [11,  dans  un  foyer  hotnogAne  ;  comme  la  demiAre  Atapt  dc  ccste  combustion  est  1'oxydation  de  CO,  on  peut  en  deduce  unc 
forme  dc  disparition  de  CO  : 
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Rfcemnent,  dcs  Etudes  expfrireentales  sut  1‘oxydation  du  CO  dans  une  post-flamme,  de  Howard,  Williams,  Fine  12)  ont  conduit 
i  (sire  i.-itervcmr  i‘cau  coreree  un  eatalyseur ;  ils  ont  prcposf  : 


avec  d'auttes  vaieurs  de  4c  et  de  fc’./R,  que  prfcfderamtni. 


Cos  relations  globales  traduisent  en  fait,  plus  ou  moins  exactement,  tcut  un  ensemble  de  rfactions  flfmentaires  qui  ont  ft 6  ftu- 
difes  separement  par  difffrents  auteu's  ;  le  tcicattisme  d'osydation  du  CO  st  produit  en  effet  grace  &  deux  reactions  flfmentaires  : 

CO  +  OH~  CO,  a.  H 
M  v  CO  b  0  ^TC02  +  M 


la  premise  sembiant  la  plas  itnportante  dans  les  plidnom4i.es  de  combustion  ;  pour  cornaicrt  les  proportions  de  0,  OH,  H  qui  inter- 
■iennifit,  i!  font  a'.or.s  teeir  compte  d'ete  grand  nomlrc  d'aurres  .-factions  avec  les  nouveaux  corps  OHj  ,  Hj,  Oj,  et  meme  HOj,  On 
peut  trouver  c-cs  rfactions,  avec  leurs  consumes  cineriques_  thez  divers  atteurs  (3,  «i,  5,  61.  Nous  avons  tttenu,  pour  notre  part, 
l'ensercblc  des  reactions  ci-dessous  ;  la  ririe  est  tris  compete,  puisqui  nous  avons  fliminf  seu’.ement  celles  faisant  ir.tervenir 
HOj  (pour  lesquelies  les  const  antes  cinftiques  so.-t  les  moins  sures  {[61),  ■ 
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pour  chacune  de  ces  k  rfactions,  de  la  futmc  : 


Z  -V.,  5.;  irs.  T  X' 


le  tauz  de  production  (par  uni'c  de  masse  et  d<;  temps)  de  I'cspfce  a  ,  s'fcrit 


i-es  constaates  »pHiPju£oV(£ibif*:uvent  £f0«vces  dans  les  rfferences  cities  plus,  hau:,  avtc  plus  ou  moins  de  pre¬ 

cision;  It  tableau  1  donor  Iss  vaieurs  adoptees  ici,  pour  les  rfsultats  de  cnlculs  ptfsentfs.  • 


2,2.  Evolution  de  NO 

D<vers  auteurs  ok  mortrte  que  la  formation  de  NO  ftnit  bic.t  teptfsemft  par  riois  reactions  flf.r.entairts  ,  les  deux  rfactions 
du  tnfeanisme  de  Zeldovitch,  vaUbles  pour  de  I'air,  et  unt  reaction  uupplcmentaire  due  it  In  presence  it  radienux  OH  !?,  S,  9!  , 


H  N  ,•  NO  +  0 

12  11  e-  02  t^NO  +  0 

13  N  +  OH  mNO  i-  H 


Nous  n'avons  pas  tenu  compte  ici  du  corps  N^O,  mais  avons  rajoutf  du  NOj ,  dont  la  prfset.ee  dans  Ics  jets  de  turborf  .ictcur 
a  Hi  constat  ft  expfrimtntalement  [10!  ;  de  rertc  que  d'auttes  reactions  flfmcntaircs  doive.nt  etre  prises  en  compte  . 
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3,82 .  10" 

0 

0 

2,4  10" 

0 

-  44  000 

19 

NO.  *  ._  NO  r  NO  -  O. 

2,a.  10" 

0 

-25  900 

7,2  10" 

0 

0 

20 

A  :  20  2NG 

1  1  2 

L  ..  ....  _  _ 

2.  !0" 

0 

-  75  513 

10" 

0 

j  -  5?  616 

Dans  :a  mjthoce  dc  calcul  que  nous  a. lens  sj.posrr  au  p«a$rsp,ie  3,  ' ’es’  Is  svsieroc  dc  t63t..!'ns  chiniiquts  le  plus  conipliquc 
qua  nous  avons  pets  ea  compte,  c'esT-i*dire  TO  reactions  faisan:  intervene  ies  espjecs  :  O,  O,,  H,  5„,  OK,  HjO.  CO,  CO,,  NO, 
NOj.N.Nj.- 

11  cst  aisc,  b  ra  cfiiufldu,  d'stil jicr  a  la  piuv.c  dcs  scfi.'mas  «  'moncis  plus  simples,  tcls  que  calut  d:  Lcngorcl!  >,u  Howard 
pour  la  sranslotaarion  da  CO,;  ceci  a  aussi  6r6  lair  at  nous  ccispaicrons  les  di^frents  roc-dilcs. 

11  a  St  possible  dc  rajoater  dcs  r6actsoan  clftnentaircs  r.o..ei)cs  .  I’influrn.c  dc  NO  sur  las  Kattions  d’ox/dacion  de  ou  CO, 
qur,  encore  just.-r.cia]  t annus,  peas  pat  eettnolr,  ;us;i£ier  IVldnian  dc  reactions  supplest' ataircs  ,  cwnme  oi.  Ic  vetra,  1c  nacibre  dc 
tfactions  n’esi  pas  trbs  geiiaflt  pour  lc  idcsl  nunicr.que.  le  noiabre  d’espiues  1  prendre  e..  comp.c  c.unt  par  centra  1c  principal 
respoussbU-  da  la  leapnew  dcs  cafcnls.  ■ 


i.  METHODS  DE  CAl.CVL 
J,i.  Equations 

Lc  ffiflanje  d’ui.  i«  dc  tutbois uv.cur  <f:g.  1.  era  -fieri;  avee  unc  bonne  approsimstion  par  lc  sjstemc  cUssicuc  d'iquation 
(ert  >e Juvetc-ei  permanent)  ui-Zcssoi's,  qui  .radu-sem  les  bilans  da  qoaniite  dc  •nooveinciu,  it  I’coibslpin  rotela,  ct  des  masses  dcs 
diffdo'atcs  e "pices  ; 


fuAuJ  4-  JL  ( f'.&lrl 


-igueu.'  -*c  C  u$r  £  .‘tant  ptoportior.nelie  4  l'4f  aisseur  £  dr  la  coachc  dr  melenge  : 

!  6}  J;  X  &(*) 

Lea  eaieers  numfriques :  /\  •»  0,09 

=  Sc  *  0.P3 

aemblttot  represent ct  eeRvsnx.bletnent  un  grand  nombte  d’expdricnces  (13|. 

3.2.  Resolution 

Nous  auons  done  4  rdsoudte  ua  systime  df  14  equations  aux  derives  pnttielics  et  3  Aquations  ordir.aucs,  dans  lc  doinaine 
cocstirui  per  Sc  quart  dc  plnr,  X^O  ,  Of  post  troaver  cn  chxque  point  : 

-  tes  frajdttas  siassiques  V*  des  >.»  espbees  (la  douziiine  s'en  deduissnt  •:ar2/=  1)  ; 

**  *»vA 

-  les  vitesses  M,  et  Or ; 

-  les  grandeurs  tbcrmodynaurques  H ,  *T"  .  f> 

• 

II  exists  difldrentes  nb.hod-s  nwseriques  pour  rdsoudte  les  equations  aux  ierrcces  particlles  paraboliques  ,  nous  aveas 
eh.iiss  ici  celle  de  Patankur-Spaldiej,  que  nous  a  tens  adaptet  pour  ies  termes  de  production!,  completes  dus  a  toctes  ies  reaction:.. 
So  lecteur  se  rapporsera  4  la  teUtcr.ee  ( 131  pour  detail  dc  Ia  mtthode. 

Remarquonu  sijiplement  que  l*e»pioi  des  foocticns  ^  .'efinies  pa;  (9.  A  l-piacc  des  demand,  quelqucs  precautions  -  :1 
importc  dc  lis  utilise.-  A  la  piece  ces  'f  qui  on!  la  plus  grande  vaieui  absotuc,  et  non  pas  les  plus  faiblss  ,  cn  effet.  lotsdj  calcul 
de  ccs  Y  par  des  forotules  inverses  de  (9)  * 

*  m  %  ~  £ 

9t.j  *  tyt 

Watts  les  etteuts  nemd'-iquer  lajt  es  dans  lc  calcul  des  'f.  som  repurtf  es  sur  'f.  ,  si  1’on  clioisi.  pour  les  Y  des  esptces  t n  faible 
quant ite,  elles  seror.t  done  entaebces  d'une  erteur  relative  gtaade  ,  dans  cet.ains  cas  on  peu:  mcmt  obtenir  des  vaieuts  negatives 

de  Y  ;  ce  qct  sst  ddsastreus  pout  la  suite  de  caicul. 

* 

3.3.  Pas  de  caicul 

La  nrfthrdc  numdrique  de  calcul  employ  ic  minimise  les  tisques  de  civerse-nce  ,  crpeodant  les  pas  dc  calcul  {cn  x  c  A-  ) 
doivem  etre  cboisis  suffisammeW  petits  pour  tonserve.  use  eertaine  precision.  V.n  ce  qui  conccmu  lc  pas  dc  calcul  cu  ft,  , 
I'habitude  nous  fait  utiliser  un  dicoupage  ra-.V&i  du  jet.  proporttonnel  aux  Jdbits,  cn  35  4  40  sections. 

Pour  A"K  nous  avocs  utilise  ur.  ctitirc  'ic  i  la  vitesse  chimique  d'c'-’olution  des")£.  cn  un  point  donne,  cn  limits  fizpar 

A*  -p^  58  A* 

de  faqon  que  !e  A^ne  soit  qu'uac  fraction  4  du  AY  maximum  suppose  possible  cr  ce  point  ,  ^  esr  atteim  lorsque  ,U/*sO 

c'est-A-dire  V;  a—  SUj/Sd'  >  ce  donne  : 

A  ’  a*  pat 

U7j  Af«  -  -  4.  -C__ 

'3pl'  .  ...  A 

comrne  plusteurs  espices.  er.  r.ustcurs  points  du  jet  ssm  i  con steirer,  tl  faudrati  vhurstr  Sr  plaspetn  des4j,-jc.  ccpcndant, 
omowr  cettaines  espbees  ceu.rn  etre  en  ,-aan.itd  tris  fs-b’e  «t  tt*.s  ,.eq  affcccic  par  Ics  p.ibnomenes  .■hirr.iq'tes  peu  fees 
,  stationr tires »  de  ce  point  de  vue>,  tl  y  a  ioteret  i  ies  •siintcr.tr  en  -Vhcrs  du  critcte  .  e'est  ce  quo  nous  aeons  fait  en  parti 
edict  pout  N  . 

I. 'influence  dc  ?  sut  les  tesnltats  a  etc  ctvdiec  ,  la  vaieet  nc.eiuclc  dc  3,3  a  etc  trtcr.tic,  assutant  une  pibciaion  cxccti'->te 
sur  lea  eapbccs  CO  ct  NO  qui  nows intdreesent  an  premie,  cfccf  ,  vSptodant  poui  i-.oir  ur.e  nossi  bonne  precision  sur  OH  cl  O,  on 
w  constate  qu’il  fall*:!  une  valeor  2  A  4  fois  pies  faible.  Comprc  ter.u  de  ccs  precautions,  les  temps  de  caicul  sont  assoc  impor- 
tsnts  sur  une  IBM  360*30  Jen  double  prects.cn.  c'est-i-Jvrc  iq  chiffres  sieoificatits;.  -pa.  exenj.ic  le  csicul  d’un  ie>  de  3  cm 
de  rayon  sai  unc  dtrtaacc  de  39  era  a  prir.  10  misvtes  sai.s  orydes  d'anott,  15  Rtr.w'.eu  twe  les  oxy.its  d’aroic  .  i.ucnc  lc  pas  de 
calcul  ert  asjjjctt:  sax  r#»ctiso.*  cnitntqaes,  ji  vsi  d'autan!  dus  faible  quu  Istcrof-t.-aiure  esi  elexic  fee  qu:  r.ugocmc  lc  temps 
dc  calsal)  ;  d'autre pert  lc  netrire  d'espjeci-  i  const Jftrr,  rclii  au  ranobre  d'ccseti^ns  4  rtsoudre,  cs-.  praitq,ic.*ci  i  .oportionncl 
au  :  crops  de  caitral .  par  -rontre  ic  sombre  dc  :2c;;-.ni  ct.itciquex  prises  en  « oapte  n’a  que  pcu  d'impwtaece  &  on  s  ue  le  metne 
nnsibre  d'espicce 


4.  QUEL0>JES  ItfiSULTATS  0£  CALCUL 

4,  Csmcaeaisot.  ii  sciif-sies  cbimiques 

<eo.*s  o'et-itd  tsfcctve  la  rosioarsia in  den  diffsreets  schf-m:.:  d'orydetten  du  CO,  set  ut»  cas  dc  calcul  type  t  un  jet 
ebatri  (7  **  A  4  *  *00  ay/ a,  >ie  5  cn*  Jt  rayon  se  mdiaege  aucc  dc  i'atf  aa  reo.-s  a  tcaperature  ordinaire  {303*K{,  4  la 

jveauoo  airisspfeefinec  .  tl  ess  compose  de  i%  Sc  CO,  de  5 1  dc  CO,  ,  3 '  e'Hif,  !1,03\  «k  O-  fee  masse)  comma  ccastttcants 
pt'seicwtue.  iV.s  ’■.aten-.n  diffcitr.ti  Oat  c'Wiivcs  *xcc  le  sebdtea  rfactiacee;  ttssplet  et  aver  les  formcles  giobales  ,  1}  t~.  ,3)  , 
lc  cctfipararses  esc  /site  sur  la  figujt;  2  cat  soot  traces  les  sw  j'ace  do  ic:. 


ite 


»iv 

jfa 

K: 


feSj-..'  .';  ■, 

fe,-:  • 


v.  j  y«o 


s.  *V>1 

”i 


A  /Cinitlqo*  cowpUte  (IO"*  OH,  voW  d«  Strwyar) 

O  Ciniliqu*  compile  (10"s  it  OH  ou  daprrt) 

- 

*  Cinitiqu*  corop'tle  {2. 10"*  da  0  cu  depart) 

V  vCinitiqu*  eoreplaSe  evce  OH,  0,  H,  H;  av  dipart 

+  Howard 

•  Longwall 


Fig.  2  •  Corporation  d*  r.oie'm  chiaique*. 


I  o  scbdmatisatian  tiree  de  til  donne  une  disparition  dc  CO  asscz  rapide  ;  on  a  pris  pour  cc  calcul  ~  20  000°K  et 

X-  =-  1!,?5,107<S1),  valours  calculces  d'apris  les  rdsultatn  cxndriraemaux  de  [11.  Laschdmatisation  dc  Howard,  avec  5  s  dc 

vapeurd'eau,  donne  use  disparition  un  pcu  plus  rapide,  din  ce  qui  concerne  le  schema  plus  complct,  nous  avoris  effectufs  plusieuis 
calculs  en  metunc  dans  la  section  iniriale  diffdtemes  quantitds  des  espices  dissociees,  O,  OH,  II  ,  cn  voit  quo  la  dispatition  de 
CO  est  exttemement  influence  par  ces  quantiles,  e*  cue  1'on  peut  tettouver  une  dispatition  sensiblemtnt  equivalcnte  a  cello  des 
modules  simpli/ids  en  mettant  au  ddpart  :  ^  =  10’3  ,  Yk  =  19  1  1C  4,  ^  1  15*  i  peopertions  sent  ires  supdricures 

aux  valeurs  de  ces  cspices  i  l'dquilihe  dans  les  conditions  de  pressions  et  de  tempdraturcs  considdrdes,  Jiais  nous  nous  plaqons 
justement  hots  de  I'dquilibre,  car  il  teste  beaucoup  de  CO  ;  remarquons  dc  plus  que  nous  avons  employe  pour  la  constant?  tie 
la  reactions  princtpalc 

C  +  Oil  t=>  COj  4~  H 

deux  valeurs  ligdremenr  diffdrentes,  l'une  conscilldc  par  Baulch  (qui  fig-re  dans  le  tableau  1),  l'autte  cooseillde  par  Singh  et 
Sawyer  d'apris  des  cxpdrienccs  rdeentes  U4l. 

II  apparaft  dune  une  assez  bonne  concordan.c  entre  les  ttois  schemas  cinftiqucs,  dans  notre  cas  de  calcul  qui  entre  effecrive- 
ment  dans  lc  domaine  pour  lesquels  les  formules  de  Longwcl!  et  Howard  ont  ctd  ftablics  ,  a  i’cxtdrieur  dc  cc  domainc,  e’est-i-dire 
par  exeraple  pour  des  valeurs  dc  la  temperature  plus  faibles  ou  plus  elevdes,  et  pour  des  concentrations  plun  diluees,  cc  qui  peut 
ve  produirc  dans  d*  autres  patties  du  jet  constdetc,  II  faut  accordcr  plus  dc  confiancc  a  la  cindtique  p'us  dlaborec  ;  ccpcndant  son 
utilisation,  on  le  voit,  tidcessite  la  connaissancc  de  donnees  de  depart  plus  completes,  cat  il  taut  connaitre  les  proportions  de  O, 
OH*  H  en  particulicr,  dont  rimportancc  apparait  clairemcnt. 


4,2.  Analyse  dc  calcul 

Le  calcul  prenant  cotapte  dc  la  :inetique  compliqude  permet  de  ddcrire  les  diftdrems  phenomdnes  cn  tous  lev  points  du  jet. 

Considdrons  par  example  cn  jet  chaud  (1500°K)  4  Mach  1  (760  m/ si  environ 

y,  =  io"3  %t  =  io"3  » io"5 

=11 ,98  10  7  ^  “  5  10  z  yifti  “  0 

y,  =  :o'4  %  =  3  io 2  ¥*  =  o 

Vs10'2  =1 

et  de  I'air  i  300*  K  (23  x  d’Oj  ct  77  %  d'N^. 

La  figure  J  reprdserae  !a  vitesse  et  la  tc-mpfrat  jrc  dans  1'jxe  di.  jet  ,  ia  tin  du  carat  potentic!  se  sitae  i  environ  8,5  c«,  ih 
nil  la  vitesse  commence  a  ddcroftre  ,  danste  cocur,  la  tempdrature  nVst  pas  ewnstawt.  mats  sYlivc  legitesuret,  k  cause  dc  la 
dispatition  de  CO  ;  par  la  suite  les  decroissances  deAt  et  deT  soot  ties  scmbisMc*,  T  cccroissant an  pcu  moins  vite  car  nous 
avocs  rris  ue  noi-trc  dc  Prandt!  fgal  A  0,85. 

La  figure  4  reprdsente  la  variation  dc  ddbit  global  des  espdecs  CO,  CO*,  NO,  >en  fcg/ s/  27T  }  le  long  da  jet.  On  constate 
une  disparition  aster  nette  dr  CO  et  une  apparition  dc  CC^,  cortdlativcu.cnt,  Lc  NO  er  ie  NO,  au  tontrajrc  anpataissent,  ma.s 
vatien;  beaucoup  moins  (u«et  la  difference  d'dchellc)  ,  I'.thse.-Kt  (attiftcielle)  de  NOj  au  ddbst  rs  tapidcmem  compensd^  par  une 
disparition  de  NO,  puis  les  quamitds  de  NO  et  NO*  creisstm  d>.  concert,  d’ar.e  tsantire  plus  const  ante  que  COj,  qui  artcint  un 
patier  asscz  ecu  de  temps  aprds  la  fin  du  caret  potential  .  *a  bosse  de  la  courbc  dc  NO  correspond  a  la  ftn  dtj  secur  p*atccucl. 

La  figure  5  donne  les  ta«s  dc  rsac'ioo  *#l «  Wj  (tanx  globs!  et  t.rui  de  proiuetton  :  ^Ueo'57-W  j.  cn  un.tds  arbitrages  , 
sur  1'axe  du  jet,  pour  les  especcs  CO  et  NO,  Os  voit.  pi.iscae  ^.est  pfesqvc  ptttrut  liXi  fots  plus  pent  qae^ib.  ,  que  NO  est 
toujours  ptoche  dc  sa  composition  d*dquil*bir.  (sauf  dans  les  tout  premiers  cent  indues)  ,  d  ailtcurs  un  cal  ul  d  equilibre  avec  les 


■•  ”  - 


aaggs 


profortions  initiates  ci-.lessus  donne^/^^^  9,57t0d  10‘*  ^1500°  K,  Au  contraire  CO  est  ttds  hors  dYquilifcre  dans  les  10  pic¬ 
nic's  centtmicrea  ;  il  a  tendance  a  se  metric  tm  dquilibre  ('Urt.  croft  et  dt1^  dicroit),  mais  l'atrivde  d'air  froid  fige  ia  reaction  et  i 


pwtit  dc  20  cm  environ  /ly£  et  'ivt,  sont  tous  les  deux  tris  petits.  u'examen  des  valeurs  et  sur  l‘**e  montre  aussi  que 


a'autrcs  espices  peuvent  etre  proches  di_  4'equilibre  ,  dans  le  cceur  potentiel  (T 15C9»K),  H,  au  bout  de  2  cm,  H  *u  boat  de  5  cm, 
NOj,  au  bout  de  4  cm ,  it  O  et  OH  tendent  vers  1'douihbre,  mais  leur  production  eft  plus  forte  et  cclui-ci  ne  sera  pat  aueint  avant  la 
fin  du  cceur  ;  lors  du  ref;»:disseraent  par  1‘air  cxtdrieur,  ap  is  !e  cceur  potentiel,  les  espices  H  et  Hj  restent  encore  un  peu  en  dqt*i- 
libre,  puts  s'dcattent  progrcsstvemenl  de  celui-ci  e:  se  ft  gent  ;  NO,  commc  on  1'a  vu,  et  ausst  NO,  testent  en  cqutlibre. 


10001 - 


T4{*Ki 

-H2M0 


Fig.  3  -  Viitts*  at  Jamparorvra  sur  I'axt  du  jit. 
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Fig.  d  -  Dikiis  dts  mspiiis  It  long  du  jet. 
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Fig.  5-7 av*  t#»  production  sut  I'on  du  jit. 


one  avast  et  1‘autte  apfis  la  fin  da  cocur  potentiel. 
dement  quand  {'air  ftotd  penitte  dans  les  gar. 

see  ae  centre  du  -et  ,  t'cu  parce  cue  la  temperature 
idi  le  jet  ;)050»K  au  centre  do  jet,  -i'aptes  la  figure 
,t  ne  setvblc  done  avow  aacune  influence  notable 


Bicn  que  d'un  ordre  de  grandeur  different,  lee  ^partitions  traaaversales  de  CO  et  NO  (figures  6b  et  dd)  sont  d'aliure  n  ■ 

on  reraarque  cependant  que  I*  difference  cntre  les  courbes  pour  5,5  cm  et  15,9  cm  est  bicn  moins  faible  pour  le  NO  quc  pi,ur  or.  CO  ; 
ceci  est  dd  i  ce  que  NO  ne  disparate  pas  cornrne  CO.  La  figure  6e  montre  d'ailleursque  NO  apparait  in  centre  du  jet,  mais  dispftra!; 
k  la  peripheric  ;  cependanr  'Vfyj  est  toujours  tr 4s  faible,  de  sorte  que  i’-on  peut  considdrcr  NO  comnte  figd,  bicn  que  tree  proche  de 
I'dquilibre  cependsnt  (figure  5), 

Les  figures  6f  et  6g  monerent  les  repartitions  relatives  k  OH  et  0  ;  cites  sont  eu  quantity  relativecient  faible  par  rapport  i  CO, 
mats  teurs  taux  de  production  chimique  sont  cependan:  assez  forts  ;  ces  derniets  sVvanouisseot  rapidement  (les  reactions  se 
figent)  en  deh-rs  de  la  zone  centrale  du  jet,  oh  T  est  la  plus  forte  ;  lorsquc  T"  esc  faible,  que  ee  soit  a  la  pdriphdrie  du  jet  pour 
TC  =  5,5  cm,  ou  dans  tout  le  jet  oour  X  =  15,9  cm,  les  reactions  chiraiques  ont  tendance  k  ptovoquer  la  disparition  de  6  e:  OH. 

4,3,  Influence  de  profits  nor  unifortnes  en  sortie  de  tuybre 

La  disparition  de  CO  par  combustion  rdsiduelle  dans  le  jet  esc  un  fait  }  prendre  en  compte  lots  de  la  conception  dcs  foyers  de 
rechauffe  ;  on  peut,  avec  la  mdtbode  de  caicul  que  nous  avons  exposd,  dtudier  comment  cette  disparition  est  influenede  par  les 
caractdristiques  do  jet  chaud  dans  la  section  de  sortie  de  la  tuybre.  En  particulier,  on  peut  mettre  tn  dvidence  que  les  profits 
transversaux  de  temperature  et  de  concentration  en  CO  (en  pratiques  (ids)  or.:  one  importance  notable.  Nous  avoni  effeetud  deux 
calculs  pour  iesquels  la  tempdrature  moyenne,  la  pcussde  et  les  debits  des  diicdrentes  espbees  sont  identiquesdans  la  section 
de  sortie,  mais  ol  T  .  dt,  ,  ptdsenttnt  des  repartitions  differences  :  dans  un  premier  caicul,  leur  repartition  est  uniforme,  dans 
le  second,  e'est  une  repartition  k  deux  niveaux,  l'dcoulement  dtant  plus  chaud,  plus  rapide,  plus  chargd  en  COet  CO^  sur  une 
couror.ne  pdriphdrique  qu'au  centre. 

Pour  le  premier  cas  nous  avons  pris  les  valeurs  suivantes  : 

-4*  =  760  m/ <s  T  =  1400°K  =  4  cm 

%  «  HO -s  =  2.10*2 

)4*  «a  10,98  I  O'2  yUl=  7.10'2 

^0=5  10-2 

routes  les  auttes  concentrations  dtant  nulles  (sauf  N2  bien  sur). 

Pour  le  second  caicul,  dans  un  cercle  de  2  cm  de  rayon  : 

=  642  m/s  T  =  100CPK 

y«  =  2.10*4  y«.  =  1,2  10*2 

^  =  13-62  10’2  =  4,2  10 '2 

y«vo=  3.10*2 

Dans  la  couronne  extdrieure  : 

T  =  1490»K  -40  =  784ra/s 

yo“2.10’4  Yu  -  2,26  10'2 

y§>  =  10.08. 10‘2  yUt  -  7.510"2 

V  5,66  in'2 

Dans  les  deux  cas  le  ddbii  rdduit  de  CO  /2.T )  est  de  2,89  *  10*5  kg/s. 

La  figure  7  montre  la  diminution  de  cc  ddbit  rdduit  en  fonctiss  dex  ,  dansle  jet  ;  eilc  est  no:ab!cmcnt  plus  for»c  dans  le 
premier  cas  que  dans  le  second  :  au  bout  de  40  cjn,  21,8  t  de  CO  ont  dieparus  dans  le  premier  cas,  seulescnt  10  s  dans  le  second. 


7  •  Inllutnea  Jo  prof.7  initial  tot  In  Jitpariiion  do  CO. 
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Nous  avons  vu  prdcddemraent  que  les  rdactions  qt-i  entraintient  la  dispttition  du  CO  dtaient  pratiquement  dues  k  la  tempdratute  , 
on  pout  expiiqucr  alors  tacileracct  le  rdsttitat  prdcddem  :  dans  le  second  cas  de  calcul,  la  couronne  extdrieure  la  plus  chaude  et  la 
plus  chargde  de  CO  devraic  etre  principaleaeot  le  siige  de  ces  (eaciions,  axis  c'est  cellc  qui  est  le  plus  tapidcmtat  refroidte  par 
l'air  extirieur^ei  c'est  cela  qui  limite  la  possibilitd  de  disparition  du  CO. 


5.  CONCLUSIONS 

A  l  -ccasion  de  l'dtude  de  Involution  de  CO  et  NO  dans  les  jets  de  turbordacter"  nous  avons  ddveloppd  une  mdthode  numd* 
rique  de  calcul  oil  les  phdnotninqs  chimiques  peuvent  etre  reprdsentds  par  un  grand  notnbre  de  rdactions. 

Cette  mdcrtode  de  calcul  pennet  f  etude  de  f  influence  des  caractdristiques  de  sortie  du  turbordacteur  -en  particulicr  nous  avons 
prdscntd  ici  Se  cas  d'umt  distribution  de  temperature  non  uniforme-  sur  les  taux  de  disparities  dans  le  jet.  Cans  ce  but,  d'atlleurs, 
des  schdmatisntions  des  rdactions  ctiicique.s,  telles  (1)  et  {21,  peuvent  etre  utilisdes,  car  elles  recoupent  assez  bien  les  calculs 
plus  complexes  que  nous  avons  effectuds  ici.  Cependant,  ces  derniers  permettent  de  comprendre  .'es  diffdrents  phdnomdnes  qui  se 
produisent  dans  les  diverses  parties  de  l'dcoulement,  et  ont  un  domaine  duplication  plus  dtendt  que  le  cas  particulicr  du  jet  dc 
turbordacteur. 
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Discussion  on  Paper  24 

“Etude  theorique  de  Involution  rdsiduelle  des  produit^-polluants 
dans  les  jets  de  turbordacteurs’’ 
presented  by  R.Borghi 


R  JLHuie:  Have  you  determined  the  sensitivity  of  your  model  to  variation  in  the  rate  constants  used?  Some  of 
those  used  seem  to  be  significantly  in  error.  In  general,  a  sensitivity  analysis  should  be  applied  to  all  of  the  models 
presented  at  this  meeting,  if  the  model  shows  significant  sensitivity  to  a  rate  constant,  how  well  this  number  is 
known  should  be  investigated? 

R.Borghi:  Nous  avens  seulement  teste  la  sensibility  des  rdsuitats  aux  variations  de  ia  constante  relative  a  la  reaction 
CO  -*■  OH;  Ia  sensibility  est  notable. 

Les  valeurs  des  constantes  sont  tiryes  de  diffyrents  articles;  bien  stir,  d’autres  valeurs  existent,  qui  peuvent  etre 
esrimdes  meilleures.  II  sera  facile  de  les  utiliser  dans  de  nouveaux  calcuis. 

AJeni:  The  reactions  selected  exclude  some  important  reactions.  The  details  of  the  initial  conditions  are  impor¬ 
tant.  I  believe  that  the  complete  list  of  reactions  to  be  used,  would  give  more  accurate  results,  without  much 
larger  work  required. 

I.GIassnun:  The  controlling  factor  is  the  mixing  time  not  the  reaction  time. 

R.Borghi:  Les  conditions  initiafes  sont  trds  importances  en  effet,  aussi  bien  avee  ee  groupe  de  reactions  qu’avec  un 
autre  plus  compliqud. 

D ’autre  part,  s’il  est  possible  d’inciure  d’autres  rdactions,  il  est  d’abord  ndeessaire  de  connaitre  des  valeurs  plus 
prdcises  des  constantes  cindtiques,  ce  qui  n’est  pas  ie  cas  actuellement,  meme  pour  les  rdactions  utilisdes  ici. 

I.GIassnun:  There  is  some  evidence  that  at  the  higher  temperatures  the  CO  +  OH  reaction  has  been  very  much 
under  estimated,  people  did  what  seemed  logical  in  the  past  when  other  information  was  not  available,  that  is 
assume  simple  Arrhenius  kinetics  for  that  reaction  with  very  low  activation  energy.  Simple  transition  state  theory 
which  gives  much  greater  weight  to  the  pre-exponential  factor  is  a  much  more  appropriate  way  of  analyzing  and 
reporting  kinetic  results  tor  certain  free  radical  reactions,  the  reaction  rate  changes  significantly  at  high  temperatures. 
At  temperatures  above  1500-1700  K  there  is  a  difference  of  several  orders  of  magnitude. 

R.Borghi:  La  ndaction  CO  +  OH  est  tres  importante;  nous  avons  choisi  les  valc-irs  de  constantes  cindtiques  pour 
cette  dq nation  dans  un  recent  article  de  Singh  et  Sawyer  (14),  qui  ont  effectud  des  e>pdriences  dans  un  cas 
semblable  de  post-flammc. 


DEVELOPMENT  AND  VERIFICATION  OF  AN  ANALYTICAL  MODEL  FOR  PREDICTING 
EMISSIONS  FROM  GAS  TURBINE  ENGINE  COMBUSTORS  DURING  LOW-POWER  OPERATION 

Stanley  A.  Mosler,  Senior  Assistant  Project  Engineer,  Pratt  &  Whitney  Aircraft  Division  of  United  Aircraft  Corpora¬ 
tion,  West  Palm  Beach,  Florida,  USA,  33402;  Richard  Roberts,  Assistant  Project  Engineer,  Pratt  i  Whitney  Aircraft 
Division  of  United  Aircraft  Corporation,  East  Hartford,  Connecticut,  USA,  06108;  and  Robert  E.  Henderson,  Technical 
Area  Manager,  Air  Force  Aero  Propulsion  Laboratory,  Air  Force  Systems  Command,  Wrlght-Patterson  Air  Force  Bass, 
Ohio,  USA,  45433 


SUMMARY 

A  theoretical  combustor  model  has  been  formulated  for  predicting  concentration*  and  distributions  of  unhurried 
hydrocarbons,  and  carbon  monoxide  from  gas  turbine  engine  combustors.  Essential  components  of  this  model  Include 
an  internal  flowfleld  model,  a  treatment  of  the  physical  combustion  process,  and  a  treatment  of  hydrocarbon  oxidation 
kinetics.  Model  components  were  incorporated  iaia  a  computer  program  with  a  single  model  structure  for  simplicity. 
An  experimental  program  was  also  conducted  to  evaluate  combustor  design  techniques  for  lowering  emission  levels  and 
to  provide  experimental  data  against  which  the  theoretical  model  could  be  tested.  Darner  exit-plane  measurements  of 
unburned  hydrocarbons,  carbon  monoxide,  nitrogen  oxides,  temperature,  and  pressure  were  made.  Predictions  of 
exhaust  species  concentrations  and  distributions  were  made  using  the  theoretical  combustor  model  in  support  of  ti« 
experimental  program.  Results  are  discussed  with  respect  to  internal  aerodynamic  nud  chemical  kinetic  arguments 
within  the  framework  of  the  theoretical  formulation. 


LIST  OF  SYMBOLS 


=  area 


-  partial  equilibrium  products  of  com¬ 
bustion  (COg  excluded)  corresponding 
to  temperature,  pressure,  and  fuel- 
air  ratio 

Cq  «  aerodynamic  drag  coefficient 

Cp  =  specific  heat 

Dc  =  diameter  of  combustion  air-jet  entry 

bole 

Dd  =  diameter  of  liquid  fuel  droplet 

1  stoicblomotrlc  oxygen-fc  il  weight  ratio 

L  •=  heat  of  vaporization  of  the  fuel 

ir.f  =  j;  mass  vnpcricatier  liquid 
tael  droplet 

P  =  static  ga?  pressure 

Q  =  heat  of  combustion  of  the  fuel 

Q  ■=  rate  of  combustion  heat  release 

R  =  stream  tube  radius  -  . 

r  -  streamtube  radius 

T  =  static  gas  temperature 

T0  =  total  gas  temperature 

Tj  =  fuel  droplet  surface  temperature 

U  =  axial  velocity  component 

V  =  tangential  velocity  component 

w_  =  external  mass  addition  flowrate 
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=  recirculation  mass  flowrate 

=  rate  of  turbulent  mass  exchange  between 
adjacent  streamtubes 

=  axial  coordinate  direction 

=  axial  distance  required  for  full  jet 
penetration 

=  transverse  air- jet  penetration  distance 

=  weight  fraction  of  oxygen  in  ambient  gss 

=  fraction  of  recirculation  mass  flow 
entering  or  leaving  the  Jth  streamtube 

=  angle  of  jet  entry 

--  thermal  conductivity 

-  yiscC3*fv 

-  density 

=  equivalence  ratio,  local  fuel-air  ratio/ 


stoichiometric  fuel- air  ratio 

Subscripts 

B  =  bulk  gas  parameters 

c  =  air  addition  Jet  parameters 

d  ■=  fuel  droplet  parameter® 

eq  =  equilibrium 

g  =  local  gac  parameters 

j  =  Identifying  the  jth  streamtube 

l  =  liquid  fuel  parameters 


1.  INTRODUCTION  AND  PROBLEM  DEFINITION 

During  the  past  several  years,  significant  technological  advancements  h»ve  been  real.  ,ed  in  turbine  engine  com¬ 
bustion  system  design  and  performance.  Advanced  and  future  primary  combustors  will  have  the  operational  flexibility 
to  accept  wide  variations  in  compressor  discharge  pressure,  temperature,  and  airflow  with  minimum  pressure  loss  and 
good  denig-  ,jiut  combustion  efficiency  while  providing  an  acceptable  exhaust-gas  temperate’  e  profile  into  the  mrblne. 
More  recently,  however,  an  additional  requirement  has  been  imposed:  to  reduce  objectionable  exhaust  emissions. 

Increased  citizen  awareness  of  environmental  Issues  coupled  with  the  obvious  visible  smoko  emissions  from 
jet  aircraft  has  brought  substantial  p.iblic  attention  to  aircraft-contributed  pollution.  Although  smoke  by  itself  may 
not  bo  harmful,  it  focused  attention  on  the  gas-turbine  engine  as  a  potential  source  of  additional  undesirable  gaseous 
emiosions:  carbon  monoxide,  CO;  unbnrned  hydrocarbons,  UHC;  and  oxides  of  nitrogen,  NO*.  Additionally,  even 
though  turbine  engine  powered  aircraft  cootritmte  bat  a  small  amount  to  the  overall  air  pollution  problem.  Uses# 
aircraft  can  become  significant  contributors  Li  and  around  high- traffic  a.rports  and  military  air  Installations. 

Of  particular  concern  are  the  relatively  high  levels  cf  invisible  emissions  produced  during  part-power  or  low- 
power  (idlo/taxi)  engine  operation.  These  invisible  emissions  arp  principally  UHC  and  CO.  Both  are  nonequilibrium 
fcy-producta  of  the  combustion  process  between  a<piae  fuel  and  air.  Under  Ideal  thermoity-tsjjilc  conditions,  neither 
should  be  present  as  combustion  products;  however,  under  low- power  operating  conditions,  the  efficiency  of  current 


gas  turbine  engine  combustors  tends  to  be  low.  Consequently,  thermodynamic  equilibrium  is  not  attained  during  the 
combustion  process  and  these  toxic,  objectionable  exhaust  emissions  are  produced.  Minimizing  turbine  engine  ex¬ 
haust  pollution  requires  that  emission  control  and  abatement  techniques  become  a  major  consideration  in  the  design 
and  development  of  future  combustion  systems. 

To  provide  effective  emission  control  without  compromising  required  aerothennodynamic  performance  of  the 
combustor,  two  basic  approaches  may  be  considered.  One  approach  Is  to  conduct  an  extensive  experimental  com¬ 
bustor  development  program  Involving  the  evaluation  of  many  design  changes  and  variations  addressed  to  reducing 
emissions  without  incurring  system  performance  degradation.  Unfortunately,  this  approach  is  often  very  costly  and 
time  consuming  and  generally  requiros,  ultimately,  some  system  performance  compromises  and  penalties.  Another 
approach  is  io  develop  a  generalized,  analytical  combustor  model  that  realistically  describee  the  coupled  physical 
and  chemical  processes  occurring  within  the  combustor  and  predicts  the  exhaust  product  concentration  and  distribu¬ 
tion  produced  by  the  combustion  system  as  a  function  of  combustor  design,  aerothermcxfynamics,  and  general  opera¬ 
ting  conditions.  Such  a_model  could  then  become  a  vital  engineering  tool  permitting  the  designer  to  assess  the  im¬ 
pact  of  design  changes  for  exhaust  emission  control  -jn  component  performance  prior  to  initiating  costly  development 
testing. 

It  is,  therefore,  the  purpose  of  this  paper  to  present  the  analytical  development  an-4  verification  of  a  theoretical 
combustor  analytical  design  procedure,  or  model,  formulated  to  serve  as  an  effective  tool  'or  evaluating  emissions 
control  techniques.  The  theoretical  formulation  was  dc. sloped,  initially,  to  assess  combustor  emission  performance 
during  low-power  engine  operation,  i.e. ,  to  predict  the  concentration  and  distribution  of  UHC  and  CC  as  a  function  of 
combustor  operating  conditions,  geometry,  and  fuel  injection  characteristics.  The  essential  components  of  the  over¬ 
all  model  are  described  first;  this  description  is  followed  by  a  discussion  of  an  experimental  program  conducted  in 
conjunction  witli  the  modeling  effort  to  evaluate  combustor  design  techniques  for  lowering  emission  levels  and  to  pro¬ 
vide  experimental  data  against  which  the  theoretical  model  could  be  tested.  The  paper  is  concluded  by  comparing  the 
analytical  predictions  and  experimental  data  for  two  combustor  configurations. 

2.  APPROACH  TO  COMBUSTOR  MODELING 

The  approach  taken  it.  the  development  of  the  low-power  emissions  combustor  model  has  been  to  formulate 
mathematical  treatments  for  the  principal  physical  and  chemical  mechanisms  that  influence  the  combustion  process, 
and  to  integrate  these  mechanisms  through  a  sequence  of  thermodynamic  states  obtained  from  the  coupling  of  these 
mechanisms  with  the  physical  combustor  flowficld.  The  simultaneous  solution  of  the  combustion  rate  mechanisms 
and  the  fluid  dynamics  provides  the  gas  temperature,  flow  velocity,  and  chemical  species  concentrations  as  a  func¬ 
tion  of  position  within  the  combustor,  which  in  turn  influence  subsequent  combustion.  The  principal  elements  of  the 
analysis  are  a  combustor  internal  flowficld  model,  a  physical  combustion  model,  and  a  treatment  of  hydrocarbon- 
air  chemical  kinetics. 

The  prlmaiy  objective  of  the  modeling  effo-t  is  to  develop  an  engineering  tool  to  assist  in  the  design  and  de¬ 
velopment  of  low-emissions  combustor  hardware.  For  this  reason,  the  analysis  must  include  sufficient  detail  to 
draw  a  correspondence  between  the  combustion  process  and  combustor  geometry,  fuel  injection  characteristics, 
and  engine  operating  conditions.  Development  of  individual  submodels  and  combination  in  modular  fashion  allows' 
the  requisite  detail  to  be  incorporated  in  a  tractable  mathematical  analysis.  The  combustor  model  to  be  described 
here  represents  an  outgrowth  of  the  work  reported  in  Reference  l. 

3.  DESCRIPTION  OF  THE  COMBUSTOR  MODEL 

The  combustor  flowficld  model,  with  Input  quantities  of  chamber  area  as  a  function  of  axial  distance,  inle(  air 
temperature,  pressure,  and  axial  location  of  air  addition  sites,  defines  the  physical  system  upon  which  the  gas  dy¬ 
namic  and  combustion  rate  calculations  are  based.  The  experimentally  determined  internal  flow-field  for  a  conven¬ 
tional  s wiri-stabilized,  can-type  combustor  is  shown  in  figure  1.  The  flowficld  is  seen  to  include  a  region  of  highly 
turbulent,  reversed  flow  in  the  fn.sit  t.f  the  chamber,  surrounded  by  a  region  of  relatively  uniform  downstream  flow. 
The  forward  or  recirculating  flow  reg.on  is  designated  the  primary  zone  and  the  downstream  region  the  secondary 
or  dilution  zone.  The  primary  zone  serves  the  purpose  of  stabilizing  tnc  bustion  process.  Liquid  fuel  is  condi¬ 
tioned  for  burning  and  combustion  is  largely  completed  in  this  zone.  Tt  urc  of  high- temperature  combustion 

products  and  reactants  leaving  the  primary  zone  continues  to  b»r’ .  .•quently  is  mixed  with  dilution  air  in  the 

secondary  zone  to  provide  a  suitable  temperature  profile  for  e . die  turbine. 

The  combustor  fiowfield  model  employed  in  the  present  analysis  is  shown  schematically  in  figure  2  for  the  case 
of  a  can-type  combustor.  The  two-dimensional  internal  flowficld  has  been  approximated  by  a  set  of  co-annular,  one- 
dimensional  reacting  streamtubes.  The  recirculation  zone  boundary,  enclosing  region  (1),  defines  the  location  and 
size  of  a  zero  not  flow,  one-dimensional  streamtubo  representing  the  recirculating  flew.  The  recirculation  zone 
boundary  has  the  physical  significance  of  separating  the  net  upstream  and  downstream  portions  of  the  primary-zone 
airflow.  Air  entering  the  front  of  the  combustor  is  assigned  to  the  main  flow  streamtubes  on  an  equal  basis.  Down¬ 
stream  combustion  ano  dilution  jet  air  is  apportioned  to  the  streamtubes  by  means  of  a  jet  penetration  and  ir  txing 
model  described  below.  All  wall  cooling  air  is  assigned  to  the  outer  streamtube,  which  begins  at  the  first  cooling 


figure  1.  Primary  Zone  Flow  Pattern 


Figure  2.  Internal  Fiowfield  Streamtube  Mode1 
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air  addition  site.  The  airflow  distribution  to  combustion  and  cooling  holes  is  specified  as  model  Input.  The  stream- 
tube  boundaries  are  defined  Sty  inner  and  outer  radii,  computed  as  dspendent  variables.  The  outermost  streamtube 
is  bounded  by  the  location  of  the  chamber  wall,  which  is  provided  as  <oput. 

The  applicability  of  tbo  model  to  particular  combustor  types  is  determined  by  the  flowflcld  analysis,  and  in¬ 
cludes  can  and  annular  configurations  that  aro  adequately  described  by  a  radial  array  of  one-dimensional,  co-snnular 
stre  art  tubes,  symmetric  about  the  gioiostrie  combustor  axis.  The  recirculation  regioa(s)  may  either  hy  symmetric 
about  the  combustor  axis  or  be  symmetric  about  individual,  regularly  spaced  axes  themselves  symmetrically  arranged 
about  the  combustor  axis.  In  the  latter  case,  transition  to  the  annular  streamtube  arrangement  is  made  at  the  end  of 
the  recirculation  region.  The  can  and  annular  versions  of  the  model  are  presently  limited  to  4  ind  7  streamtubes, 
respectively. 

The  steady-state,  cne-diroenslonal  analysis  of  the  flow  in  a  streamtube  for  the  downstream  direction,  x,  is  ob¬ 
tained  by  solving  the  equations  for  conservation  of  mass,  momentum  and  energy.  It  is  assumed  that  wall  friction, 
drag  of  internal  bodies,  gravity  lorces  and  external  boat  osenange  are  negligible.  With  these  assumptions,  the  dif¬ 
fer.  utial  equations  for  continuity,  linear  momentum,  and  <r  ergy,  respectively,  for  the  jth  streamtube  bounded  by 
Rj  a-  d  Rj_i  may  be  written  as  shown  in  equations  (1)  through  (3). 
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The  equation  of  state,  p  =  P/RT,  is  employed  to  express  dp/dx  in  terms  of  dP/dx  and  dT/dx  in  equation  (1).  In  the 
structuring  of  *  computational  procedure,  the  energy  equation  is  replaced  by  a  number  ol  species  conservation 
equations  for  fuel  and  combustion  products,  which  together  rpe  tify  the  enthalpy  of  combustion.  In  the  case  of  a  non- 
swirling  flowficld,  static  pressure  is  uniform  in  the  radial  unvctlon.  For  nonzero  inlet  swirl,  additional  conserva¬ 
tion  equations  for  angular  momentum  and  radial  equilibrium  are  written  for  the  jth  streamtube.  They  are  shown, 
respectively,  as  equations  (4)  and  (5). 
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A  calculation  procedure  has  been  devised  to  determine  the  rate  of  transfer  of  mass,  momentum,  and  energy 
between  the  recirculation  zone  and  the  outer  streamtubes.  With  the  definition  of  a  mass  flowrate,  \vr,  representing 
entrainment  flow  entering  or  leaving  the  recirculation  region,  the  consetvation  equations  (continuity,  linear  momen¬ 
tum,  and  energy)  for  region  (1)  may  be  written  as  follows. 
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where  wr  has  been  defined  to  be  positive  for  mass  entering  the  recirculation  zone  and  uj  d’.vr/dx  defines  the  frac¬ 
tional  exchange  rate  with  streamtube  Entrainment  exchange  w.th  the  outer  streamtubes  requires  that  terms  in¬ 
cluding  dwr/dx  In  equations  (6)  through  (8)  be  applied  to  equations  (i)  through  (3)  in  proportion  oj  such  that  total 
entrainment  mass  flow  Is  conserved.  Experience  has  shown  that  satisfactory  results  are  obtained  when  entrainment 
flow  is  uniformly  exchanged,  with  all  outer  streamtubes,  with  the  exception  of  the  wall  cooling  streamtube(s). 
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Specification  of  tho  recirculation  boundary,  Ry(x),  allows  the  computation  of  wr  as  an  additional  dependent 
vwiaulc.  However,  for  arbitrary  recirculation-zone  size,  the  computed  entiainment  flow  may  not  be  consistent  with 
the  required  boundary  conditions  that  the  recirculation  zone  contain  zero  net  mass  flow  and  that  the  axial  recirculation 
velocity,  Uy,  approach  zero  at  the  upstream  and  downstream  limits  ef  the  recirculaticn-  zone  envelope.  By  expressing 
the  recirculation  zone  boundary  In  functional  form,  Ry  -  f(x),  it  Is  possible  to  iterate  on  zone  length  until  the  boundary 
conditions  are  satisfied.  Satisfactory  results  have  beer,  obtained  employing  elliptical  zone  contours  following  the  work 
of  Reference  3.  With  this  treatment  of  recirculation  entrainment,  both  n  circulation- zone  size  and  magnitude  of  re¬ 
circulation  flow  may  be  computed  as  dependent  variables. 

Turbulent  mixing  between  adjacent  streamtubes  may  be  expressed  in  terms  of  a  rate  of  mass  exchange  between 
toe  streamtubes,  Wt.  The  change  in  momentum  resulting  from  this  mass  exchange  may  be  related  to  the  Reynolds' 
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shear  stress  acting  at  the  boundary  between  the  streamtubes  TA  =  (Ui  -  Uj_  j.)  w.,  where  A  =  2xRj-i  dx.  The  Reynolds' 
stress  may  be  expressed  in  terms  of  the  turbulent  eddy  viscosity  coefficient,  fit,  such  that 
f  -  fit  (d  U/dH)  S;  (Uj  -  Uj-i)  (i*j  -  rj-i)"1,  where  rt,  rj-i  are  internal  ntreamtrbo  radii  corresponding  to  the 
"half-jet"  approximation,  fit  may  be  related  to  local  flow  quantities  by  an  expression  of  the  format  =  pk b  |Umax  "  ^mini 
where  k  is  an  empirical  constant  fitted  to  experimental  mixing  data  for  two-dimensional  turbulent  jets,  and  b  is  pro¬ 
portional  to  the  width  of  the  mixing  region  (Reference  ^}.  With  appropriate  selection  of  eddy  viscosity  model,  the  rate 
cf  mass  exchange  between  adjacent  streamtubes  is  written: 

dwt  I  2TB,  -I  ,,A„2  *  v2\l/2  n  /n2  4,  v2  l1/2 

sr-  j_ltJ  -  ^  'w  *pj-im+vj-i)  w 

The  rate  of  external  air  addition,  w( .  to  the  streamtubes  defining  the  interna*  /lowfiold  is  determined  from  a  jet  pene¬ 
tration  and  mixing  model.  Wiih  reference  to  figure  3,  a  transverse  jet  is  assumed  to  enter  the  combustor  with  negli¬ 
gible  momentum  la  the  streamwise  direction.  In  the  process  of  mixing  with  the  atreamtube  flow,  the  jet  Is  turned  in 
the  downstream  direction  and  is  accelerated  up  to  the  local  stream  velocity.  The  trajectory  of  the  jet  centerline  at 
the  point  of  uniform  velocity  defines  the  jet  penetration.  An  empirical  correlation  is  utilized  to  expreb*  the  penetration 
of  a  single  transverse  jet  in  terms  of  local  jet  and  mainstream  flow  properties  (Reference  6): 
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Figure  3.  Transverse  Jrt  Penetration  Model 
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where  the  subscript  B  denotes  bulk-averaged  stieamtube  velocity  and  donsity.  The  quantity  Ax,  defined  as  the  distance 
required  for  full  penetration,  has  beer  assumed  equal  to  10  D0,  The  jet  cross-sectional  area  is  computed  with  the 
assumption  that  jet  pressure  is  equal  to  the  local  stream  pressure  at  the  point  of  maximum  penetration.  If  the  shape 
of  fully  developed  jet  cross-section  Is  assumed  to  be  an  ellipse  with  ratio  of  major  to-ml"or  axes  of  5:1  (Reference  6), 
the  jet  cross-section  may  bo  positioned  with  respect  to  the  streamtube  boundaries.  Jet  air  addition  to  the  jth  stream- 
tube  is  proportional  to  that  fraction  of  the  jet  cross-  sectional  area  intersected  by  the  streamtube  boundaries  located 
at  Rt_t  and  Ri.  The  jet  is  assumed  to  be  fully  mlxod  .\-.th  the  respective  streamtube  flows  at  a  position  Ax  =  10  Cc 
downstream  of  the  air-addition  site,  consistent  with  the  assumption  of  full  penetration  in  that  distance,  ue‘  air  addition 
rate  is  specified  as  linear  over  the  mixing  length. 

The  rate  of  combustion  of  liquid  fuel  is  governed  by  the  respective  rates  of  fuel-droplet  vaporization  and  mixi-g 
of  vaporized  fuel  and  air  in  the  presence  of  diffusive  burning.  It  is  assumed  that  fuel  droplets  are  uniformly  distributed 
within  a  streamtube,  that  Interaction  between  burning  droplets  is  insignificant,  and  that  the  fuel  droplets  within  a  given 
streamtube  are  adequately  described  by  a  .ingle  value  of  Sauter  mean  diameter  (SMD).  The  fuel  droplet  vaporization 
rate  for  a  bunting  droplet  Is  calculated  from  the  following  expression  due  to  Wood,  Lorell,  Rosser  and  Wise  (Ref¬ 
erences  7  and  2): 

,,  n  t  r»*QT«  C„  I 


Equation  (11)  is  based  on  assumptions  of  spherical  symmetry,  steady-state  conditions,  independence  of  transport 
properties  on  temperature  and  composition,  and  negligible  radiation  effects.  The  liquid  surface  temperature,  Tj  ,  is 
taken  to  be  the  ASTM  50%  distillation  point  in  accordance  with  the  conclusions  reached  in  Reference  8  for  multicom¬ 
ponent  fuel  blends.  Equation  (11)  is  multiplied  by  1. 0  +  0. 276  Re1'2  Prw  3  where  the  Reynolds  numbor  is  given  by 


where  the  Reynolds  numbor  is  given  by 


Re  *  pg  -  XI, jj  D,j  Ag/Mg  and  the  Prandtl  number  by  Pr  =  Cpg  fig/x  g  to  account  for  convection  (Reference  9). 

Since  the  fue.-dropiet  velocity  typically  differs  from  that  of  the  streamtube  flow,  acceleration  or  deceleration 
of  the  droplet  due  to  aerodynamic  drag  must  be  Included.  This  is  accomplished  by  including  a  drag  forco  term  in  the 
droplet  momentum  equation.  The  resuming  differentia!  equation  for  droplet  velocity  is: 


|VM  •  W 


(13) 


The  drag  coefficient  is  calculated  from  oue  of  tho  following  equations,  depending  on  Reynolds  number  (Reference  10): 

CD  =  27  Re"0,84;  0  <  Re<  80;  CD  n  3.271  Re0,217;  80  <  Re  <  104;  Cq  2,0;  lli4’  <  Re 

Initial  values  of  mean  droplet  size  and  Injection  velocity  are  determined  from  fuel-injtctor  characteristics. 

Initial  fuel  mass  distribution  among  u.e  strea/ntubes  ie  specified  as  model  input.  Separate  droplet  vaporisation  equa¬ 
tions  are  written  for  each  streamtube  containing  liquid  fuel.  All  fuel  that  enters  the  recirculation  zone  is  assumed  to 
be  fully  vaporised  and  mixed  with  (he  region  (1)  airflow. 

In  keeping  with  the  physical  droplet  burning  model  represented  by  equation  (11),  fuel,  once  vaporized,  is  assumed 
to  react  in  stoichiomeu  tc  proportion  with  the  surrounding  air  in  the  streamtube,.  Excess  air  or  vaporized  fuel  is  with¬ 
held  from  the  reacting  mixture  for  tho  purpose  if  computing  combustion-product  temperature  and  species  concentrations. 
The  combustion-product  mixture  reverts  to  bulk-stream  tube  conditions  when  t  »e  R;el  vapor  within  a  streamtube  has  been 
exhausted.  The  computation  of  streamtul  u  aerodynamic  parameters  is  based  on  bulk-mixture  conditions  at  all  times, 
la  toe  case  of  premixed  fuel  and  air,  combustion  occurs  at  tho  injected  mixture  proportions.  Combustion  of  injected  fuel 
vapor  or  partially  evaporated  fuel  droplets  is  assumed  to  occr on  a  stoichiometric  basis  as  above. 

The  quantity  of  fuel  vapor  produced  in  an  increment  of  combustor  length,  when  addea  to  the  preexisting  fuel- air- 
combustion  product  vapor  mixture  at  that  axial  station,  is  available  for  combustion.  Chemical  reaction  of  the  hydro¬ 
carbon  fuel  and  air  determines  tiso  gas  temperature  and  concentration  of  active  combustion  species.  The  degree  of  com¬ 
pletion  of  the  combustion  reauione  determines  the  exhaust  concentration  of  carbon  monoxide  and  unburned  hydrocarbons. 
The  r.umoer  of  possible  reactions  involved  in  the  breakdown  of  hydrocarbon  fuels  is  extremely  large,  and  few  have  been 
investigated  with  respect  to  their  rates.  It  is,  therefore,  convenient  to  assume  that  fuel  breakdown  ntal  species 

occurs  In  a  small  number  of  global  steps.  The  hydrocarbon  kinetics  system  employed  in  the  preset  s  i-hcwn  in 

cic  following  tabic.  . 

As  represented,  by  this  mechanism,  the  complex  oxidation  of  hydrocarbon  fuel  is  viewed  as  occurring  in  J  broad 
stages.  The  first  stage,  represented  by  global  reactions  (1)  through  (3),  produces  light,  unburned  and  partially 
oxidized  hydrocarbons.  The  rate  constants  for  these  reactions  m_ve  been  adjusted  to  fit  experimental  ignition  delay 
data  following  the  approach  of  Edelman  and  Fortune  (Reference  11).  The  hypothetical  aldehyde  intermediate  (C4HgO) 
lr  Introduced  for  computational  convenience,  i'he  subsequent  sequence  of  reactions,  comprising  the  second  stage  of 
combustion,  includes  the  principal  exothermic  reactions  and  produces  large  amounts  of  H2O  and  CO.  The  particular 
reactions  included  In  the  present  system  are  considered  to  represent  families  of  intermediate  species  of  similar 
character.  The  final  stage  of  combustion  is:  characterized  by  the  conversion  of  CO  to  CO2  via  reaction  (19).  The  re¬ 
action  rate  constants  showr  In  the  tacle  have  been  taken  from  References  11  through  19  with  toe  exception  of  reaction  (7), 
where  the  rate  has  been  deduced  from  results  presented  in  References  13  through  15  ard  19.  JP-5  fuel  is  represented 
chemically  by  the  formulation  C8H1(i,  although  it  is  not  meant  to  be  a  true  olefin.  The  thermodynamic  properties 
(specific  heat,  heat  of  formation)  for  CgHjg  are  consistent  with  those  of  JP-5. 

,  _,  ,  Reference 

Reaction  Rate  Constant,  cm-  mole"  -sec  1  Source 


(1) 

C8H1G+02  =  2W 

kl  =  7.5xl06Tl-5e-7900/T 

See  Text 

.•2) 

C4HgO  +  O,  =  H02  +  CO  ►  dig  +  C2»4 

k,  =  101JTl*5e-i0000/T 

See  Text 

(3) 

C8H16*0H  =  H2C0-CH3‘3C2H4 

V3U0lrTe-»/T 

See  Text 

i4> 

OR,  +  O  =  H„CO  ■»  H 

O  L. 

13 

-  2  x  101’1 

12 

(5) 

CH3  -  02  =  H2CO  +  OH 

iv 

k_  =  i<r" 

0 

.  ,14  -4000/T 

13 

(6) 

H^CO  +  OH  =  HgO  ¥  CO  +  H 

k,  =  10  e 
& 

12 

(7) 

CgHj  ^02  --2H2CO 

k,  =  3  x!02  T2*3 

7 

*13  -3000/T 

See  Text 

(6) 

C2H4  *  OH  =  CII3  +  il2CO 

kg  =  5  x  10*'  e 
.  „  „„11  -550IVT 

14 

0) 

CH3  +  H2  =  CH4  +  H 

kg  =  G  x  10  e 
,  „  ,„8  -23250/T 

15 

(10) 

c2h4  -  c2h2  +  h2 

k10  =  7  x  10  e 

3  6 

(11) 

C2K2  *  OH  =  CHj  1  CO 

.u=10Wxe-3500/T 

13 

(12) 

2H  +  M  =  H  +  M 

k12  =  2x  1018  T"1 

11,  16 

(13) 

20^  M  *  02  *■  M 

•43 

13,  17 

(14) 

OH  +  H  +  M  =  HgO  +  M 

19  -1 

k, .  >  7  x  101J  T 

14 

„  „  .,14  -S400/T 

17,  18 

(15) 

H  --  =  OH  +  O 

k.r  »  2.24  y  10  e 

15 

IS 

(1(5) 

O  +  H2  *  OH  -t  H 

.  ,  ,,13  -4730 '"c 

kjg  =  1. i4  x  10  e 

18 

(17) 

K  +  11,0  =  H2  +  OH 

1-  ,13  -icoso/T 

k,^  -  8.41  x  10  e 

18 

(18) 

O  >  H2C  a  20H 

,  ,  ,,13  -9000/T 

kjg  =  5.  <5  x  10  e 

18 

(39) 

CO  +  OH  =  CO.  +  H 

2 

.  _  -  r  ,nll  -540/T 

kjq  5  5.6  s  '0  e 

„  ,  ,,15  -22950/T 

18 

(20) 

HO,  M  a  H  +  9,  *  M 

k2Q  *  2.4  x 10  *  e 

IS 

(21) 

K02  *  H  =  SOU 

k21--6xlOJ3 

17.  i9 

Wltflc  it  Is  felt  that  the  kinetic  mechanism  presented  in  the  pre'  q  table  offers  an  adequate  representation  of 
the  detailed  hydrocarbon  combustion  process,  the  simultaneous  sclutltm  a  the  system  of  equations  docs  not  lend  itself 
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to  coupling  vita  the  streanitr.be  Slovakia  model.  In  particular,  computational  step  size  mu3t  bo  very  bmali  as  species 
equilibrium  is  approached,  resulting  in  excessively  long  computation  time.  The  approach  taken  in  iho  development  of 
the  model  was  to  replace  the  full  kinetic  mechanism  with  a  reduced  kinetic-partial  equilibrium  capable  of  pre¬ 

dicting  those  aspects  of  the  full  system  fehavior  that  arc  important  to  the  determiasf.'on  oi  exhaust  emissions. 

The  kinetic  mecltatiism  presented  in  the  preceding  table  is  readily  solved  for  the  plug-flow  combustion  of  pre¬ 
mixed  fuel  and  air.  The  compntea  behavior  of  selected  intermediate  species  is  shown  in  ilgutv  4  for  the  case  of  a 
stoichiometric  mixture  at  a  pressure  of  2  atm  {2. 026  x  105  N/m2)  and  an  inlllal  temperate  «  of  1000'K.  The  combus¬ 
tion  is  characterized  by  a  period  of  abrupt  change  in  species  concentration  corresponding  to  rapid  temperature  rtse, 
followed  by  a  period  of  relatively  slow  approach  to  equilibrium.  From  the  point  of  vie  .•  of  emissions  modeling,  the 
relatively  slow  "pos,- flame"  reactions  are  most  significant,  representing  the  reaction  of  intermediates  on  a  time  sca,/s 
comparable  to  the  combustor  residence  time.  The  time  spent  in  the  transitory,  rapid  temperature  rise  pcri-xl  is  an 
order  of  magnitude  less  than  typical  values  of  eon.oustor  residence  time  In  addition,  the  ignition  delay  period  for 
raw  ivtel  can  be  significant  at  lower  mixture  temperatures.  Thus,  a  reduced  system  which  provides  the  ignition  delay 
pnd  post-flame  behavior  of  the  full  hydrocarbon  kinetics  mechanism  will  adequately  predict  the  influence  of  the  chem¬ 
ical  combustion  rate  on  exhaust  emission?. 

Tne  behavior  of  the  full  kinetics  mechanism  was  documented  by  performing  plug-flow  computations  fer  a  range  of 
initial  temperatures,  pressures,  and  fuel-air  ratios.  This  behavior  was  then  fitted  with  the  reduced  kinetic-partial 
equilibrium  mechanism  shown  in  the  following  table. 


Reaction 

Rate  Constant,  t  .*"-mole'1-sec_1 

Reference  Source 

(%) 

CsHl6vapor  +  °2  “*■ CsHl6 

kRl  --  7.5  x  10°  T1-5  e-7900/T 

Preceding  Table 

t^l 

c8s,i6vapor  +  OK  — 

kR2-3xl010Te-«°'VT 

Preceding  Table 

(R3) 

CsXapor  +  H  "^>2 

kRg  1.3  X  IO13  e"100C/T 

See  Text 

(R4) 

c2h2  +  o2  — ►  1/4  c8h16 

kar*10l<V<ttOO/T 

14 

<%> 

CaHj,  +  OH  -  >  2/4 

kRg  -  2  x  IO12  e_350')/  r 

20 

(R«) 

CO  +  OH  5=*0O2  +  H 

kpg  -  5.6  x  101'  e~^i0/T 

Preceding  Table 

This  system  provides  ter  the  rate  controlled  conversion  oi  raw  fuel-air  mixtures  to  partial  equi’ibrium  products, 
both  directly  (%  and  P.2)  and  via  an  unburned  hydrocarbon  intermediate  {Rj  through  R5).  C02  has  been  removed  as  an 
allowable  species  in  the  partial  equilibrium  state.  Subsequent  conversion  to  full  equilibrium  products  Is  controlled  by 
reaction  (Rj).  The  combustion  product  temperature  and  species  concentrations  are  determined  by  interpolation  between 
the  partial  and  full  equilibrium  states  based  on  IC02]/{C02ietJ.  U  should  be  noted  that  this  treatment  of  hydrocarbon 
co  mbustion  kinetics  requires  only  that  carbon  atoms  be  conserved.  Therefore,  with  the  exception  of  reaction  (Rgf, 
only  the  characteristic  reaction  products  arc  stated  and  no  reverse  reaction  is  provided.  The  roactio-  rate  constants 
for  reactions  (Up),  (Rq)  and  iRg)  correspond  te  tliese  given  in  the  first  table  for  the  same  reactions. 

Reaction  (R3)  represents  direct  formation  of  light,  iutcrmed.ate,  unbarred  hydrocarbons  typified  by  C2H2.  ex¬ 
amination  of  results  obtained  from  the  full-kinetic  systein  indicated  that  intermediate  unburned  hydrocarbons  appear 
in  significant  quantities  arter  about  half  the  original  fuel  is  consumed.  Furthermore,  the  dependence  of  unburned 
hydrocarbon  concentration  on  fuel-air  ratio  and  inlet  temperature  wc.s  not  simply  related  to  either  tie?  Oil  or  02  equi¬ 
librium  concentration.  The  qualitative  behavior  of  the  Intermediate  unburned  hydrocai  bons  was  fitted  bust  by  relating 
the  formation  to  [H <e*j-  This  'reaction"  hen  no  chemical  significance,  representing  only  a  fit  to  the  observed  behavior. 
The  rate  indicated  in  the  preceding  tabia  has,  likewise,  been  fitted  to  the  observed  behavior  of  the  full  system.  Re¬ 
actions  (Rq)  ana  (Rj)  represent  reaction  of  the  intermediate  unburned  hydrocarbons  with  HO2  and  OH  to  partial- 
equilibrium  products.  The  rates  indicated  in  the  preceding  tabie  are  representative  values  for  reactions  involving  light, 
intermediate  hydrocarbons,  outlined  from  References  14  and  20,  respectively.  Since  the  species  [HOoW  is  not  pro¬ 
vided  by  the  equilibrium  chemistry  computation,  reaction  (Iiq)  has  been  written  in  terms  of  (Oo]^,  with  tj-e  assump¬ 
tion  that  fOjigq  is  2  orders  of  magnitude  greater  than  (HOaJeq  for  the  conditions  of  interest.  The  cal- illation  subroutine 
employed  for  the  equilibrium  hydrocarbon  thermochemistry  is  based  on  procedures  of  Brinkley  (References  21  and  22). 

The  nujnber  and  initial  location  0/  the  strean.tubcs  is  specified  based  on  combustor  geometry.  Initial  values  of 
U.c  independent  end  dependent  variables  a.-e  date1  mincj  f-otr  combustor  geometry  and  input  conditions.  The  aerody¬ 
namic  cquatio.,3  of  motion  arc  written  in  differential  form  for  each  streamtubo.  These  equations,  when  coupled  with 
m  equation  tiescribing  the  recirculation-zone  boundary  and  arranged  in  matrix  form,  constitute  a  set  of  linear  differen¬ 
tial  equations  which  may  be  solved  simultaneously  for  i*irametrJc  derivatives  with  respect  to  x.  Tliese  differentials 
are  numerically  integrated  over  the  interval  Ax  utilizing  a  Rungc-Kutta  crocedure  to  obtain  values  of  parameters  at 
x  *  Ax.  Integrated  values  of  parameters  at  x  *  Ax  are  then  used  io  obtain  new  derivatives  which  are  integrated  to  yleV* 
values  of  parameters  at  x  +  2  Ax,  and  so  on,  ur.tll  the  ;-xit  plane  Is  reached. 

Production  cf  vaporized  Tiel,  chemical  reaction  of  fuel  and  air,  extern:.1  air  addition  and  turlnlent  exchange  be¬ 
tween  streamtuhes  arc  evaluated  in  subroutines  external  io  the  stream  tube  equoti  >n  natri-.  Updated  values  of  deriva¬ 
tives  with  respect  to  x  are  provided  at  the  cr.d  of  each  computational  step  for  integratim  in  the  next  step.  For  this 
approach  tc  succeed,  it  is  necessary  that  variation  ir.  per  a  motel's  not  included  as  dependent  variables  In  the  differential- 
equation  matrix  be  small  across  the  computational  stop.  This  fttrangc-meot  of  the  computational  procedure  perinita  con¬ 
centrations  and  flow  properties  of  combustion  preduut  s,K>cic«  ;o  bo  ejaculated  xs  a  iunctic:i  of  position  along  the  indi¬ 
vidual  streamtubes  for  fairly  arbitrary  specification  of  Uie  physical  sr<d  cher*’-  ’  lombusuon  models.  The  model 's 
presently  limited  to  equilibrium  combustion  of  a  fixvd  fuel-* air  mli'  ..  , aside  the  recirculation  son-4.  Satisfactory  re¬ 
sults  have  been  obtained  with  the  assumption  of  siotchiometr,.  miming  within  this  zone.  Typical  computed  values  or 
orcssura,  velocity  and  stream  temperature  are  shown  iu  figures  5«  and  5b  for  a  can-type  combustor  with  zero  it  let 
swirl. 
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t.  EXPERIMENTAL  ASSESSMENT 


An  experimental  research  program  was  Conducted  concurrently  with  the  development  of  the  analytical  moo'd. 

The  objective  of  this  program  wr.s  to  evaluate  component  design  techniques  for  lowering  pollutant  emission  leveis  .it 
part-pewer  engine  c>.  “ration and  to  provide  experimental  data  to  assist  in  refining  the  theoretical  combustor  model. 
Continuous  intorch.-..,  of  information  between  the  analytical  and  experimental  programs  served  to  enhance  the  suc¬ 
cessful  accomplishment  of  both. 

Two  promising  means  of  reducing  pollutant  emission  levels  during  iow-power  operation  were  evaluate  1  during 
the  experimental  program:  air  staging  and  axial  fuel  staging.  The  principal  objective  of  each  was  to  closely  control 
the  environment  within  the  combustor  to  effect  a  more  complete  reaction  between  fuel  and  air;  thereby  minimising 
the  formation  of  the  oroducts  of  Incomplete  combustion  UHC  and  CO. 

It  is  virtually  impossible  to  closely  control  or  regulate  the  environment  within  current  fixt  d-geotretry  burner* 
at  both  high  and  low-power  operating  conditions  because  of  the  nature  in  which  they  operate.  Even  at  full  p-.wer.  the 
overall  fuel-air  ratio  lies  well  below  the  lower  flammability  limit  for  mixtures  of  aircraft  fuel  and  air.  Consequently, 
it  is  necessary  .*>  burr,  the  feel  with  but  s  fraction  or  the  available  air  at  a  local  fuel-am  ratio  well  within  the  £1  amirs 
bility  limbs  for  the  fuel-air  m..rture,  and  then  add  -he  remaining  combustor-designated  air  to  the  combustion  products. 

Conventional  combustors  are  typically  operated  at  near-stoicuiometric  fuel-air  ratios  in  the  primary  rone  at  a 
selected  des'gn  poird  such  as  f  ill  power.  They  are  then  operated  below  this  design-point  fuel-air  ratio  at  sll  other 
conditions.  A.  luil-power  and  ncar-full-power  conditions;  the  reaction  ‘emperature  in  the  combustor  is  high  and  reac¬ 
tion  rates  are  fast.  Consequently,  combustion  efficiencies  are  typics.Iy  very  high  and  both  UHC  and  CO  concentrations 
in  the  exhaust  gss  .ire  very  low.  On  the  other  hand,  U  low-  or  pari -power  conditions,  these  combustors  0,/crate  at 
overall  and  local  fool-air  ratios  well  below  those  achieved  at  high  j owe..  As  a  result,  combustion  tenipeiatures  are 
low  and  reaction  rates  are  slow;  consequently,  combustion  efficiencies  are  low  and  concentrations  of  both  I'HC  and  CO 
in  the  exhaust  gas  are  high. 

With  the  air-staging  concept,  combustion  chamber  cnvii  onmental  control  is  achieved  by  changing  the  distribution 
of  air  entering  the  combustor  os  the  rate  of  fuel  flow  is  changed  sc  that  the  local  fuel-air  ratio  in  the  primary  zone  is 
kept  at  a  constant  value,  hence,  although  the  overall  fuel-utr  ratio  increases  as  the  rate  of  fuel  flow  is  increased  and 
decreases  as  the  rate  of  fuel  flow  Is  decreased,  the  primary-rone-  fuel-air  ratio  does  not  change. 

With  the  axial  fuel  staging  concept,  on  the  otner  hand,  control  of  the  environment  within  the  combustor  is  aihieteti 
by  changing  the  distribution  of  fuel  entering  the  combustor  as  the  rats  of  fuel  flow  Is  changed.  As  a  result,  a  pre- 
established  local  fuel-air  ratio  is  achieved  but  not  exceeded  In  the  vicinity  of  each  injcctic  siatlon.  Although  the  over¬ 
all  fuel-air  ratio  increases  as  the  rate  of  fuel  flow  is  increased,  local  fuel-air  ratios  in  the  vicinity  of  the  axial  fuel 
injection  stations  do  not  exceed  a  predetermined  value. 

With  ooth  methods,  ncar-stoicniometric,  primary-zone  fuel-air  ratios  :.t  lew- power  operating  condition?  can  be 
theoretically  achieved  by  properly  distributing  fuel  and  air  to  the  combustor.  Consequently,  both  UHC  and  CO  con¬ 
centrations  the  exhaust  from  gas-turbine  engine  combustors  at  low-  and  part-power  operations  can  be  theoretically 
reduced  or  eliminated. 

vVIth  reference  to  figure  6,  the  air  staging  and  fuel  staging  concepts  evaluated  in  the  experimental  prog  rent  car. 
be  described  by  4  primary  parameters.  The  first,  PSAR,  is  the  ratio  of  the  air  flowrate  in  the  primary  zone  to  the 
air  flowrate  in  the  secondary  zone.  The  second,  PSFR,  le  the  ratio  of  the  fuel  flowrate  in  the  primary  zone  to  the 
fuel  flowrate  in  the  secondary  zone.  The  next,  P551P,  is  the  fuel-air  equivalent's  ro.t'o  in  the  primary  zone.  The  fuel- 
air  equivalence  ratio  is  defined  as  the  ratio  of  the  local  and  stoichiometric  fuel-air  rath-s  for  the  fuel-air  mixture  of 
interest.  The  hm,  FA,  is  the  overall  fuel-air  ratio  for  the  combustor. 

Three  of  the  preceding  4  variables  are  independent.  If  any  3  are  specified,  ,hc  fourtl  can  be  readily  derived 
from  the  combustor  geometry  shown  in  figure  6. 
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Figure  C.  Research  Combustor  Arrangement 
and.  Norm-i-claterc 

Evaluation  of  the  a5r-.sugiag  concept  involved  determining  the  variation  in  distribution  and  concentration  of  ex¬ 
haust  pollutants  with  the  air  distribution  parameters  PSA*1  and  PHIP,  and  the  overall  fuel-air  ratio,  F/v,  at  specific 
values  of  combustor  iniel  atr  temperature,  pressure,  and  flow  rate.  A  description  ,,f  the  experimental  hardware  and 
of  the  testing  conditions  is  presentee  litter  in  this  paper.  A  practical  combustor  design  based  upon  the  air-staging  con¬ 
cept  weald  rewire  means  tc  '.ontuinousiy  van-  the  sir  distribution  as  FA  is  varied.  No  attempt  .vns  made  to  synthesize 
such  a  configuration  in  this  piogratn,  however.  Instead,  a  research  combustor  was  uesigntd.and  built  with  flexibility 
to  facilitate  the  predetermined  -a  r  ait  ion  of  airflow  diatriliutioa  into  thi  burner.  For  discrete  values  of  PSA  It,  the  varia¬ 
tion  S-s  emission  concentration  and  distribution  r.t  the  exit  piai-e  of  the  icsearcn  burnci  was  determined  oyer  a  range  of 
overall  fuel-air  ratios.  Results  from,  lest?  involving  the  systematic  variation  of  PSAlt  were  then  combined  to  describe 
results  that  should  be  obtainable  from  a  combustor  wing  a  continuously  modulating  air  distribution  system. 

Evaluation  of  t«e  axial  feel-staging  eor.corV  involved  determining  the  variation  in  distribution  and  concentration  of 
exhaust  pollutants  with  the  air  distribution  parameters  PSAlt  and  PHIP,  the  fuel  distribution  parameters  PSFR  and  PRINT 
«nd  the  overall  fuel-air  ratio,  FA,  at  specific  values  of  combustoi  air  inlet  ten  perature,  pressure,  and  flew  rate.  PRINT 
is  tne  intermediate-zone  equivalence  ratio.  Each  test  series  consisted  of  selecting  a  discrete  value  ol  the  air  distribution 
parameter  PSAR,  which  established  the  primary- zone  equivalence  ratio  PHIF,  and  increasing  the  overall  fuel-air  ratio 
by  intr  jucir.g  additional  fuel  into  tt,e  combustor  through  a  second  set  of  fuel  nozzles  located  down  stream  of  the  primary 
zone.  (See  figure  6.)  As  FA  was  increased,  then  PSFR  decreased  and  PH1NT  increased. 

Tests  conducted  to  evaluate  the  ait  and  axial  fuel  staging  concepts  were  accomplished  using  an  annular  research 
combustor  of  the  basic  configuration  shown  schematically  in  figure  6.  This  hardware  was  designed  to  be  generally 
representative  of  conventional  stuiic-ied  combustors.  Diameters  of  the  outer  and  inner  liners  of  the  flametubc  were 
til  and  10  inches,  respectively  (0.381  and  0.254  meter,  respectively ).  The  length  of  the  burner  from  the  pr.mary  fuel 
nozzle  injection  station  at  ?h  •  dome  to  the  exit  plane  of  the  discharge  transition  duct  was  16  inches  (0. 106  meter).  The 
coiiibuntcr  was  f'bricated  from  i.eavy-gouge  t0.O625  inch;  0.  C01G  mcti  r)  Hastelloy-X  sheet  stock.  This  unusually  thick 
material  was  selected  for  the  research  burner  to  provide  physical  resistance  to  overcome  both  geometrical  distortions 
sssockued  with  thermal  stresses  Ocvclcped  during  testing  and  mechanical  forces  generated  during  programmed  modifi¬ 
cations.  The  walls  and  aome  w.-.re  film-cooied  by  air  entering  the  combustor  through  judiciously  plumed  louver-  along 
the  inner  and  outer  liners. 

In  accomplishing  the  a.r-sbjting  evaluation  tests,  changes  in  airflow  d.stribuiion  were  achieved  simply  by  changing 
the  size  of  the  air-entry  holes  in  the  burner,  as  required.  This  was  done  by  affixing  sheet-metal  patches,  prcdrilied  !«, 
the  sizes  required  to  achieve  the  PSAR  of  interest,  atop  at.— entry  holes  in  the  liner*  of  tin.  basic  burner.  To  change 
from  one  air  distribution  to  another,  then,  all  that  was  involved  was  to  remove  the  existing  patches  and  replace  them 
with  a  new  set.  In  all  air-distribution  arrangements,  the  entry  holes  in  the  outer  and  inner  liners  were  Diametrically 
opposed  to  effect  impingement  of  the  incoming  airstrca.ns.  Once  the-  burner  had  bc-rn  modified  to  provide  a  specific 
.ir  distribution,  fuel-staging  tests  cendrl  also  be  conducted.  Operationally,  as  noted  earlier,  this  simply  involved 
distributing  anti  regulating  the  fuel  flowrate  »o  the  primary  and  secondary  zones  of  the.  burner,  as  required. 

The-  research  combustor  was  provided  with  2  fucl-injcction  stations,  as  shown  schematically  in  figure  6.  Or  c, 
located  in  the  dome,  served  the  primary  zone  in  betn  air  and  fuel-staging  tests;  the  other,  located  halfway  between  the 
dome  and  the  exhaust  plane,  served  the  secondary  ..one  in  the  fuel-staging  tests.  Th<-  primary- zone  fucl  system  con¬ 
sisted  of  14  fucl  nozzlc-swirlcr  combinations  that  were  evenly  spaced  along  ,he  circumference  of  th_  mean  height  of 
tin  flamelubt-.  The  fuel  nozzles  used  wore  pressure-atomizing,  simplex-type,  oil-burner  nozzles  that  had  a  der.lgn- 
point  flowrate  of  4  gallons  (U.  S.  liquid)  of  JP-3  fuel, ‘hr  (4.21  x  l#~*  m3.scc)  at  a  differential  pressure  cf  12.  Ibf,  in? 
(3.62  x  10p  N  m2).  At  this  condition,  each  nozzle  produced  a  hollow-cone  fucl  spray  having  a  dispersion  angle  of 
90  deg  <1.57  rad)-  The  axial-flow  air  sw.tler  around  each  fucl  nozzle  had  so  outer  diameter  of  t.  38  in.  (0.0427  ml, 
an  'nner  diameter  of  1.20  in.  pj.  03 Go  m),  and  incorporated  16  vanes.  In  alternating  location*,  swirlcrs  contained 
vanes  arranged  at  an  angle  of  45  deg  (0. 785  rad)  x>  the  horizontal  axis;  in  the  remain;:*.,  7  locations,  swirle.s  contained 
vanes  arranged  at  an  angle  of  135  deg  (2.36  radj  to  the  horizon* al  axis. 

Trie  scco-mary  fucl  system  incorporated  1!  fucl  nozzles  of  the  type  used  in  the  primary  system.  Each  nozzle  was 
affixed  to  the  outer  ltner  of  the  combustor  such  that  Its  spray  axis  »a  normal  to  :lu  horizontal  axis  of  the  combuitor 
(figure  6),  and  that  its  face  was  at  the  same  diameter  as  the  inner  wall  of  the  outer  liner.  Th:  nozzles  were  centered 
within  holes  drilled  in  tec  oute;  liner  through  which  secondary  comhustiAi  a*r  entered.  No  swirlcrs  wen:  used  for  the 
injection  of  this  secondary  air. 

Tlie  test  rig  used  in  the  experimental  program,  sr.own  schematically  m  figure  7,  consisted  of  a  large  upstream 
plenum  chamber,  a  test  section  in  which  the  combustor  was  mounted,  and  a  tr.  verse  caw  containing  tempei-ntun  , 
pressure,  and  gas-sampling  probes.  The  traverse  cast  was  also  used  So  collect  exhaust  ras  from  the  test  section  and 
direct  it  into  the  esk’jst  system  of  the  test  facility.  The  upstream  plenum  cliambt  r  was  designed  to  diffuse  the  tom- 
bustor  inlet  airflow  to  very  low  velocities  to  minimise  the  iiossibtllty  of  obtaining  nonunlform  flow  distributions  around 
the  combustor. 

Airflow,  uuvitiated,  to  th.  combustor  wz,  supplied  from  the  bleed  pc, its  of  a  *7o  turlKijo!  slave  engint.  An  .n- 
direct  heat  exchanger  was  prov d  in  the  airflow  system  to  maintain  combustoi  inlet  air  temperature  at  thi  dv sired 
level.  In  the  tests  conducted  in  this  program,  the  ;atc  of  airflow  to  the  combustor  was  approximately  6  Ibm  set 
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(2.72  kg/sj;  *be  air  temperature  was  mtiotair.ed  ct  apcroximaudy  100'F  (47TK).  Ail  tests  were  conducted  at  combus¬ 
tion  chamber  pressures  slightly  above  atmospheric. 

Temperature,  pressure,  and  exhaust  gas  composition  distributions  for  the  entire  exhaust  gas  fiowfield  at  .he  exit 
plane  of  the  annular  reseaieh  burner  were  determined  in  each  experimental  test,  A  4-amt,  rotating  traverse  probe 
assembly,  shown  in  figure  ti,  was  used  m  the  accomplishment  of  these  measurements.  fach  of  2  of  the  probe  arms, 
located  180  deg  (3.14  rad)  apart,  had  equally  spaced,  radially  positioned  platinum. 'plalinuw-1  O' t  rhodium,  tsju  rated 
thermocouples  alternating  with  4  comparably  spaced  total-pressure  probes.  Each  of  the  remaining  2  probe  arras,  also 
located  180  deg  (3.14  rodj  apart,  but  posi'ior.ed  circumferentially  halfway  between  the  first  pair  of  arms,  contained  inlet 
porta  at  5  equally  spaced,  radial  position,  through  which  a  small  quantity  of  exhaust  gas  from  the  combustor  a  as  contin¬ 
uously  abstracted.  Cas  entering  these  ports  discharged  into  a  common  line  in  each  arm.  The  gas  samples  from  each 
line  then  discharged  into  a  single  manifold.  This  consolidated  sample  was  directed  through  a  heated  transfer  line  to  a 
set  of  on-line  gas  anu’ysis  instruments  from  which  tne  a. e rage  composition  of  the  exhaust  gas  «t  a  fixed  cl.  cumferenliai 
location  was  obtained. 
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Figure  7.  Experimental  Test  Rig 


Figure  S.  Sampling  Probe 
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As  the  traversing  probe  was  rotated  through  an  angle  of  180  deg  (3. 1 4  rad)  around  the  centerline  of  the  burner, 
each  pair  of  _rms  surveyed  halt  of  the  combustor  discharge  annulus.  An  entire  360  deg  (6.28  rad)  survey  was  therein-* 
accomplished  by  routing  the  traversing  probe  system  through  only  180  deg  (3. 1 4  rad).  For  the  tests  conducted  in  this 
program,  exit  place  measurements  for  a  full  traverse  were  taken  at  12  deg  (0.209  rad)  intervals  during  the  180  deg 
;  J.  14  rad)  survey.  A  tot..'  of  150  discrete  temperature  measurements,  120  di  tcietv  pressure  measurements,  and 
15-10  point  average  exhaust  gas  composition  measurements  wer  obtained  in  etch  survey. 

The  composition  of  exhaust  gas  abstracted  at  ibt  cxi-  pla  •<  the  research  combustor  was  determined  using  3ii 
on-ltnc  instrumentation  system  shown  in  figure  9.  The  systei-  .  nsisted  of  the  appropriate  circuits,  controls,  and 
quantitative  analytical  mstnimcatat  on  to  determine  tU  concentrations  oi  total  unhurried  hydrocarbons,  carbon  dioxide, 
carbon  raonoxioc,  nitric  oxide,  nitrogen  dioxide,  ana  wa'er  vapor.  L’nburncd  oydrocarbon  concentrations  were  deter¬ 
mined  usirif.  a  flame  ionisation  detector;  carbon  d.oxiu-,  .arbon  monoxide,  nitrk  ox-.dc,  and  water  vapor  concentrations 
were  determined  using  nondtsperstve  infnued  analyze rs,  a..d  the  concentration  of  nitrogen  dioxide  was  de'ermintd  using 
a  nor.dlspc:  sivc  ultraviolet  analyzer. 
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Figure  9.  Schematic  Diagram  01  Instrumentation  System 
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The  instrumentation  system  incorporated  2  independent  gas-sample  circuits.  These  circuits  emanated  from  the 
single,  i.eated,  exhaust-gas  supply  line  that  delivered  gss  from  the  traverse  probe  to  the  instrumentation  system.  One 
circuit,  which  delivered  enhaust  gas  to  the  flame  ionization  detector,  was  heated  to  prevent  condensation  of  hydro¬ 
carbons.  The  other  circuit,  which  delivered  exhaust  gas  to  a  manifold  supplying  the  remaining  instruments  was 
unheaicd.  Gas  from  the  second  circuit  was  directed  through  the  proper  drier  and/or  absorber  upstream  of  each  analyzer 
to  eliminate  those  species  that  might  interfere  with  the  analysis  of  a  desired  3pecies, 

5.  COMPARISON  OP  ANALYTICAL  AND  EXPERIMENTAL  DATA 

Of  the  te3ts  conducted  to  evaluate  the  air  and  fuel  staging  concepts,  those  from  2  typical  series  were  selected  tor 
use  in  this  paper  to  compare  analytical  and  experimental  emissions  data.  The  hardware  used  in  both  series  was 
identical.  However,  in  the  air  staging  tests,  although  the  intermediate-zone  (axial-staging)  fuel  nozzles  were  in  place, 
no  fuel  was  supplied  to  the  combustor  through  these  nozzles.  For  the  test  series  in  question,  the  research  combustor 
was  designed  to  operate  with  a  liner  pressure  loss  of  1. 81  and  a  primary  zone  equivalence  ratio  of  unity  when  the  over¬ 
all  fuel-air  ratio  was  0. 016.  At  values  of  FA  less  than  0. 016,  PHiP  was  less  than  unity.  To  achieve  the  design-point 
fuel-air  ratio,  the  total  airflow  to  the  combustor  (which  was  built  to  have  a  PSAR  of  0.31)  was  distributed,  approxi  - 
mately,  as  follows:  23*  for  the  primary  zone;  13%  for  the  intermediate  zone;  and  641  tor  the  dilution  zone.  Primary- 
zone  air  was  defined  as  that  air  entering  the  primary  zone  of  the  combustor  through  the  swirlers  (6.71);  through  the 
penetration  holes  in  the  inner  and  outer  liners  (6.7 1);  and  through  the  cooling  louvers  (10.2%).  Intermediate- zone  air 
was  defined  as  that  air  entering  the  intermediate  zone  of  the  combustor  through  the  penetration  holes  in  the  out»»r  liner 
shroud  the  intermediate-zone  fuel  . -zzles  (7.61);  and  through  the  cooling  louvers  (5.0%).  Dilution-zone  air  was  defined 
as  that  air  entering  the  dilution  zone  <.f  the  combustor  through  the  penetration  holes  in  the  Inner  and  cuter  liners  (49.5"), 
and  through  the  cooling  louvers  (14.6  ,  i.  With  this  airflow  schedule,  when  the  axial  fuel  staging  option  was  used,  an 
intermediate  zone  equivalence  ratio  of  approximately  0.7  was  theoretically  achieved  when  the  overall,  full-power  fuel- 
air  ratio  was  0.022. 

Fourteen  tests  comprise  the  test  scries  described  in  this  paper.  The  air  staging  tests  were  conducted  by  increas¬ 
ing  the  rate  of  fuel  flow  through  the  primary  fuel  nozzles  until  the  desired  fuel-  air  ratio  was  achieved.  With  the  com¬ 
bustor  operating  at  this  condition,  measurements  of  temperature  and  pressure,  and  samples  of  exhaust  gas  were  taken 
at  the  exit  plane.  In  this  series,  data  were  obtained  at  fuel-air  ratios  of  0.0039,  0.0059,  0.0091,  0.0132,  0.0162  and 
0. 0186.  The  fuel  staging  tests  were  conducted  by  establishing  a  predetermined  primary  zone  equivalence  ratio,  using 
the  primary  fuel  nozzles,  and  then  increasing  the  overall  fucl-air  ratio  by  adding  additional  fuel  through  the  intermediate 
zone  fuel  nozzles.  Data  were  obtained  in  this  series  as  they  were  in  the  air-staging  scries.  Three  values  of  PHIP 
were  investigated:  0.38,  0.50,  and  0.73;  at  each  of  these  values  FA  was  varied.  For  a  PHiP  of  0.38,  the  discrete 
values  of  FA  examined  were  0.0036,  0.9153,  and  0.0136;  for  a  PH1P  of  0.0S0,  the  values  of  FA.  were  0.0119,  0.0160, 
and  0.020;  and  for  a  PHIP  of  0.75,  the  values  of  FA  were  0.01S  and  0.020.  The  measured  values  of  carbon  monoxide, 
unbumed  hydrocarbon  and  oxides  of  nitrogen  concentration  are  presented  in  figures  10  through  12. 

The  combustor  emissions  prediction  model  and  calculation  procedures  described  in  Section  II  have  been  programed 
for  solution  on  a  digital  computer.  In  addition  to  the  aerodynamic  parameters  shown  in  figure  5,  the  v  vmputer  program 
provides  a  detailed  history  of  fuel  droplet  size,  droplet  velocity,  vaporized  fuel-air  ratio,  and  hydrocarbon  combustion 
product  species  concentrations  for  each  streair.tut.c-.  The  model  was  utilized  to  predict  carbon  monoxide  and  unbumed 
hydrocarbon  emission  levels  for  selected  configurations  and  operating  conditions  represented  in  figures  10  through  12. 

The  particular  configurations  chosen  were  .he  air  sl.ging  test  series  (Scheme  2-1A;  and  the  fuel  staging  test  scries 
(Scheme  2-1 B)  operated  at  PH1F  -  9.50.  The  predicted  exit  plane  carbon  monoxide  and  unnamed  hydrocarbon  con¬ 
centrations  arc  indicated  as  dashed  lines  in  figures  10  and  11.  The  model  i-  not  presently  configured  to  predict  forma¬ 
tion  ef  nitrogen  oxides.  As  indicated  In  figures  10  and  II,  reasonable  agreement  in  absolute  concentration  -and  trend 
wiih  change  in  . ‘penning  condition  (fuel-air  ratio)  and  configuration  (fuel  staging)  has  been  obtained. 
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Examination  of  the  predicted  carbon  monoxide  and  unbumed  hydrocarbon  concentrations  within  the  combustor 
indicates  that  these  emissions  result  from  premature  quenching  of  the  respective  chemical  reaction  mechanisms  as 
streamtube  temperature  Is  reduced  by  air  addition.  Carbon  monoxide  level  is  controlled  by  the  kinetic  conversion  to 
carbon  dioxide,  while  the  total  unbumed  hydrocarbon  level  reflects  both  raw  fuel  which  lias  failed  to  ignite  nod  inter¬ 
mediate  hydrocarbons  for  which  oxidation  has  been  halted.  Examination  of  the  detailed  predictions  indicates  that  carbon 
monoxide  conversion  is  quenched  at  a  higher  temperature  than  the  hydrocarbon  oxidation  reactions.  Thus  continued 
hydrocarbon  reaction  produces  carbon  monoxide  below  the  temperature  at  which  conversion  to  carbon  dioxide  can  occur. 
With  respect  to  the  combustor  internal  flowfteld,  carbon  monoxide  is  quenched  In  the  dowr  .ream  portions  of  the  central 
streamtubes,  following  dilution  air  addition,  and  everywhere  in  the  wall  cooling  streanitr  _.  Quenched  unbumed  hydro¬ 
carbons  are  principally  confined  to  the  outer  wall  cooling  air  streamtube. 

The  increase  In  exit  plane  carbon  monoxide  and  particularly  unbumed  hydrocarbon  concentration  with  combustor 
wall  fuel  injection  (fuel  staging!  is  the  result  of  severe  quenching  by  dilution  air  addition  downstream  of  the  fuel  injection 
site.  Examination  of  the  detailed  model  predictions  indicates  that  for  the  particular  configuration  investigated,  insuf¬ 
ficient  time  has  been  provided  for  the  rate  limiting  processes  of  fuel  droplet  vaporization  and  chemical  reaction  of  the 
secondary  fuel. 

6.  CONCLUSIONS 

The  streamtube  combustor  model  developed  in  the  present  study  has  been  shown  to  predict  absolute  levels  of 
carbon  monoxide  and  unbumed  hydrocarbon  emissions  and  to  predict  trends  with  change  in  operating  condition  and  con¬ 
figuration  which  are  in  reasonable  agreement  with  the  cited  experimer  tl  data.  In  addition,  the  predicted  concentrations 
of  carbon  monoxide  and  unbumed  hydrocarbons  are  seiislthe  to  variations  in  combustor  geometry,  fuel  Injection 
characteristics  and  engine  operating  conditions,  in  direct  relation  to  the  corresponding  variations  in  aer  odynamic  param¬ 
eter  and  fuel-air  mixture  distributions  within  the  combustor.  For  these  reasons,  it  is  concluded  that  the  present 
modeling  approach  provides  a  useful  means  of  Identifying  significant  features  which  influence  the  levels  of  these  emissions 
from  gas  turbine  combustors  and  for  assessing  the  emissions  characteristics  of  proposed  combustor  configurations. 
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Discussion  on  Paper  25 

‘Development  and  Verification  of  an  Analytical  Model  for  Predicting  Emissions 
from  Gas  Turbine  Engine  Combustors  during  Low  Power  Operation” 
presented  by  S.A.Mosier 


A-MAieUor: 

(1)  Are  the  HC  results  presented  as  ppmC? 


(2)  As  in  your  earlier  model  (your  Ref.  1 )  do  you  assume  that  as  the  fuel  evaporates  it  mixes  infinitely  fast  across 
its  stream  tube? 


(3)  Have  you  studied  the  sensitivity  of  your  results  to  the  number  of  streamlines  of  type  2  or  3  which  you 
include  in  the  analysis? 


S.A.Moskt : 

(1 )  The  UHC  results  are  presented  as  ppmv  of  equivalent  Cli, ,  which  is  equivalent  to  ppmv  of  C  atoms. 

(2)  Yes,  the  fuel  is  assumed  to  mix  infinitely  fast  with  surrounding  streurntube  air  following  evaporation.  However 


the  fuel  and  air  mixture  thus  tormed  is  limited  to  stoichiometric  preparations.  Excess  vaporized  frel  or  excess 
streamtubc  air  is  withheld  from  the  reactin,  nixturc.  The  effect  of  fuel-air  mixture  preparation  ra,  *.  on  the 
chemical  combustion  rate  is  approximated  L.  'his  manner. 


(3)  No. 


R.E.Sampson:  You  have  shown  the  model  agrees  with  experimental  data.  Would  you  comment  as  to  how 
accurately  you  'id  the  results  represent  the  effectiveness  of  these  control  techniques  and  how  the  experimental 
combustors  compare  to  the  same  combustor  configuration  with  no  emission  controls? 


S  .A  .M  osier:  The  emissions  results  presented  for  the  non-fuel  staging  experiment  are  considered  representative  of 
conventions!  liquid  fuel  injection  annular  combustors  when  run  at  the  indicated  inlet  values  of  pressure,  temperature 
and  fuel-air  ratio.  The  fuel-staging  results  presented  here  shcrald  not  be  considered  representative  of  the  potential 
of  fuel  staging  as  on  emission  control  technique.  The  test  reported  here  is  simply  one  of  a  number  of  such  tests 
ran,  and  docs  not  represent  an  attempt  to  optimize  the  configuration  for  minimum  emissions.  The  present  test 
jraquerwn  was  ran  for  the  primary  purpose  of  verifying  the  analytical  model. 


C.  CASC1,  A.  COOHE,  U.  GHEZZI ,  S.  PASINI 
Ietituto  di  Macchmo,  Politecr.ico  di  Milano 
V.  sa  Leonardo  da  Vir.ci,  32 
20133  Milano,  Italy 


SUMMARY 

Related  to  coabuetior.  phenomena  urea,  a  continuous  flow  test  bench  was  develop¬ 
ed,  to  study  gas  turbine  coobustion.  The  feeding  ayatea  could  provide  a  wide  range  of  air- 
fuel  ratio  and  working  pressure  to  investigate  different  test  conditions.  The  combustion 
chamber  was  arranged  to  sample  the  gae  composition  in  different  positions,  and  obviously 
to  measure  other  magnitudes  such  ae  oroeoure,  oir  and  fuel  mass  flow  rate,  etc.  The  spe¬ 
cies  analyzed  wera  carbon  monoxide,  ur.burned  hydrocarbons,  and  nitrogen  oxides. 

The  primary  concern  was  the  evolution  of  the  above  Bnecies  along  the  can-t.vpe 
liner  and  the  determination  of  the  moot  opportune  working  conditions.  The  typical  design 
features  (dimensions,  flow  rate,  etc)  of  the  combustion  chamber  described  in  this  paper, 
allow  to  translate  reasonably  the  results  obtained  to  real  systems,  but  the  kinetic  and 
fluidodynamic  phenomena  concerned  with  combustion  process  make  quite  arduous  the  extrapo¬ 
lation  of  the  results  to  conditions  very  far  from  the  ones  experimented  in  this  research. 

1 .  INTRODUCTION 

In  the  Lajoratories  of  Ietituto  di  Macchir.e  of  Politecnico  di  Milano,  an  analy¬ 
sis  program  has  beer,  planned  in  the  iesearch  of  some  typical  features  of  gas  turbine  com¬ 
bustion  chambers.  Basically,  the  primary  concern  of  the  research  is  a  contribution  to  the 
knowledge  of  emission  mechanisms  of  such  combustion  systems. 

In  this  araa,  theoretical  and  experimental  works  have  already  been  presented  by 
numerous  authors;  i:  seams  however  necessary  to  insist  or.  the  experimental  aspect  of  the 
problem,  also  to  better  support  the  theoretical  study.  Particularly,  sophisticated  tech¬ 
niques  are  needed  to  allow  multipoint  measurements  of  the  parameters  interested,  being 
not  enough  the  study  of  the  exhaust  conditions  alor.e.  In  fact,  only  the  information  made 
available  by  such  techniques  will  give  the  possibility  to  investigate  the  mechanism  of 
the  processes  which  take  place  inside  the  burner,  thus  deducing  meaningful  design  crite¬ 
ria. 

The  whole  research  program  foresees  the  employment  of  a  sene;  of  combustion 
chambers  of  different  architecture  and  parallely  includes  also  a  series  of  different  fuel 
injection  systems  (the  research  will  naturally  be  completed  by  testing  in  several  working 
conditions). 

Ir.  this  paper  are  presented  the  results  obtained  by  employing  only  ore  kind  of 
liner  (the  first  ar.d  simplest  of  the  above  mentioned  series).  Therefore,  r.o  optimization 
process  endeavored,  at  least  from  the  point  of  view  of  the  best  liner  architecture. 

2.  TEST  FACILITIES  AND  PROCEDURES 

The  test  facilities  installed  to  serve  the  research  purpose  are  here  briefly 
described;  for  a  more  detailed  description,  information  are  available  from  Fef  (l).  In 
Fig  (1)  the  air  and  fuel  feeding  systems  are  schematically  represented;  the  eventual  back 
pressure  is  generated  dy  a  butterfly  valve  placed  at  the  exhaust  Pipe  end  and  led  by  an 
electrical  engine. 

The  plant  has  beer,  designed  to  achieve  s  maximum  (.sir  mast  flew  rate  equal  to 
15.000  kg/li  and  a  maximum  air  pressure,  ir.  the  test  chamber,  eq^al  to  !C  kg/cm?  absolute. 
The  maximum  values  of  air  pressure  and  air  mass  flow  rate  we; e  never  reached  durirg  this 
test  series. 

The  longitudinal  section  of  the  combustion  chamber  ana  the  development  of  the 
can-type  liner  are  shown  in  detail  in  Pig  (2).  The  test  section  has  seer:  arranged  to  ac¬ 
complish  six  contemporary  samplings,  four  of  which  inside  the  liner  (see  Fig  (3)  and  (4) 
and  the  other  two  immediately  after  the  chamber  exit  section.  Each  probe  could  mere  in 
the  radial  direction,  to  sample  at  different  distances  frem  the  lir.er  center  line,  and 
bore  conxially  ar.d  internally  a  thermocouple,  placed  ir.  opportune  way  (see  {2))  to 
allow  temperature  measurements  in  the  sampling  zone  (see  Pig  (5)). 

The  sampling  procedures  were  discontinuous  (except  nitrogen  oxides);  therefore, 
finite  volume  samples  (around  few  liters)  were  analyzed.  Anyway,  particular  attention  was 
giver,  to  sampling,  controlled  directly  by  the  plant  operator  by  means  of  a  solenoid  valve 
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system.  The  sampling  operation  as  therefore  conducted  under  the  most  opportune  condi¬ 
tions,  thus  avoiding  also  possible  contaminations,  especially  during  the  trar.sitones 
(see  Ref  (1 )). 


3.  ANALYSIS  OP  RESULTS 


Tests  were  held  by  varying  air-fuel  ratio  and  chamber  pressure.  The  maximum 
pressure  was  not  particularly  elevated  (3  kg/cm2  absolute)  for  this  test  series;  however, 
a  sensible  difference  was  observed  among  the  results  when  the  pressure  increased  from  the 
atmospheric  to  the  higher  values.  The  air-fuel  ratio  AFR  was  generally  varied  by  keeping 
constant  the  fuel  mass  flow  rate  (22  kg/h;  injection  pressure:  18  kg/cm2)  and  charging 
therefore  the  air  mass  flow  rate.  However,  to  extend  the  investigation  of  the  burner 
working  mechanism,  other  test'  -e  held  with  a  higher  fuel  mass  flew  rate  (29  kg/h;  in¬ 
jection  pressure:  34  kg/cm2).  '1  tests,  the  inlet  air  temperature  was  keot  between 

275  and  295  °K. 

For  all  the  six  stations  ("A"  through  "F")  chosen  for  the  test  section  (see 
Fig  (6)),  each  test  condition  was  characterized  by  gas  samples  taken  at  the  rddial  posi¬ 
tions  "1"  and  "3'’  ar.d  by  temperature  measurements  o'otamed  at.  all  the  radial  positions 
"1",  "2",  "3",  and  "4".  The  behavior  of  CO,  COp,  HC  (referred  tc  he.iane),  NO,  and  N0X  was 
then  analyzed. 

Only  the  most  meaningful  data  among  ail  the  results  obtained  are  reported  in 
this  pacer,  allowing  a  better  idea  of  the  behavior  of  the  combustion  chamber  for  differ¬ 
ent  working  conditions.  Particularly,  results  referring  tc  AFR  =  70  and  AFR  =  100  are  re¬ 
ported  in  this  work. 


4.  TEMPERATURE  DISTRIBUTION  INSIDE  THE  LINER 


The  examination  of  temperature  distribution  ir.^ide  the  liner  is  particularly 
important  because  reaction  kinetics  are  strictly  related  to  local  temperature  level;  the 
temperature  knowledge  can  therefore  explain  some  typical  pollutant  emissions.  In  Fig  (7) 
through  (121,  temperature  meps  inside  the  liner  are  shown,  corresponding  to  two  values  of 
AFR  and  three  values  of  combustion  chamber  pressure. 

As  a  typical  behavior,  ir.  the  primary  zone,  close  to  liner  center  line,  a  rela¬ 
tively  cold  region  can  he  observed;  this  region  gets  larger  for  higher  AFR  ar.d  lower  pres¬ 
sure  values.  Moving  radially  outward  from  the  liner  center  line,  the  temperature  becomes 
before  higher,  to  fall  down  again  when  close  to  the  liner  wall.  The  highest  temperature 
region  extends  along  the  liner  axis  and  its  area  is  larger  as  higher  the  pressure  and 
lower  the  air-fuel  ratio. 

It  can  therefore  be  pointed  out,  as  intuitive,  that  the  temperature  level  de¬ 
creases  with  the  increasing  AFR  and  increases  with  the  increasing  pressure.  For  this  com¬ 
bustion  chamber,  the  high  temperature  zone  extends  very  much  forwardly,  ma  r.ly  for  the 
highest  pressure  values;  the  exter.tion  of  the  high  temperature  zcr.e,  along  the  liner  cen¬ 
ter  line,  could  easily  be  limited  by  increasing  the  secondary  air  jet  penetration.  As  a 
consequence,  :.lso  a  better  temperature  profile  would  be  achieved  at  the  exit  section  "F". 


5.  CARBON  MONOXIDE 


CO  concentration  data  were  observed  to  vary  from  a  maximum  of  few  ;  er  cent 
(highest  value,  in  the  prima-y  zone:  5  to  a  minimum  which  was,  for  the  mod  favourabte 
cases,  arour.d  0.02  #  (percentage  ir.  volume,  dry  basis).  Concentration  uata  sh  w  therefore 
that  CO  reduction  (from  the  point  of  maximum  to  the  exit  section  "F")  should  le  attrib¬ 
uted  only  m  a  small  part  to  dilution,  being  on  the  contrary  origir.ateo  mostly  by  oxida¬ 
tion  reactions  controlled  by  opportune  reactants  concentrations  end  temperatur  level. 

lr.  Fig  (13)  through  (15),  as  ar.  example,  the  behavior  of  carbon  monoxide  is 
shown  versus  the  probe  positions,  for  samples  taken  on  the  liner  center  line  (c  irreeoor.d- 
mg  to  radial  position  "1")  ar.d  close  to  its  wall  (corresponding  to  radial  posi'  ior  "3”) 
and  for  AFR  =  70  and  100,  and  pressure  =1,2  and  3  kg/cm2  absolute. 

For  both  central  ar.d  peripheral  samples,  CO  reaches  maximum  concentrat  or. 
arour.d  station  ”B";  then  the  concentration  reduces  quite  sharply  up  to  station  "1"  for 
the  peripheral  samples  and  (generally)  up  .o  exit  station  "F"  for  the  central  one*.  This 
phenomenon  should  probaoly  be  related  to  the  higher  temperature  level  of  the  cent: al  zone. 
With  other  parameters  at  identical  values,  it  may  then  be  noted  that  in  t.he  orimar  •  zone 
too  the  lower  vilues  of  CO  correspond  to  the  higher  values  of  AFR. 

It  seams  reasonable  the  hypothesis  the  above  CO  behavior  should  be  due  tc.  a 
larger  oxyger.  availability;  however,  it  must  be  kept  in  mind  (as  it  will  be  seen  la  er  or.) 
that  if  only  the  emissions  at  exit  section  "F"  are  considered  and  then  referred  to  the 
AFR  stoichiometric  value  (  taking  into  account  in  such  a  way  the  dilution  effect),  t >e 
CO  behavior  becomes  less  simple  and,  mainly  at  higher  pressures,  an  increasing  in  CO  con¬ 
centration  with  the  increasing  AFR  may  be  noted  (see  also  Fig  (22)). 
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Keeping  constant  the  values  of  the  other  parameters,  an  increasing  of  thermal 
level  (and  therefore  of  combustion  efficiency)  created  by  an  increasing  of  pressure,  re¬ 
sults  in  a  better  situation  from  the  pc-ir.t  of  view  of  CO  emissions.  For  identical  AFR  val¬ 
ues  and  by  increasing  the  fuel  mass  flow  rate  (29  kg/h),  curves  of  CO  concentration  ver¬ 
sus  probe  poeitions  were  noted  to  behave  like  the  other  ones  above  illustrated,  yet  being 
observed  in  most  cases  quite  an  increasing  of  CO  emissions  m  the  exhausts. 

Carbon  monoxide  measurements  were  by  gas  chromatography. 

6.  UNBUBNEE  H'ifBF.CCARBOKS 

Generally,  the  behavior  of  unburr.ed  hydrocarbons  (whose  measurements,  ref  erred 
to  hexane ,  were  by  gas  chromatography)  shows*  analogy  with  that  of  carbon  acnixide.  The 
maximum  concentration  (about  10.000  ppm)  wae  reached  around  station  "B";  then  a  decay 
took  place  (naturally  due.  also  here  only  in  a  small  part  t  dilution)  and  at  the  exit 
station  "F"  a  concentration  was  found  around  few  tens  of  ot>m.  Tig  (ifi)  through  (18)  show 
the  behavior  of  unburr.ed  hydrocarbons  for  central  (corresponding  to  radial  position  "1") 
and  peripheral  (corresponding  to  radial  position  "3")  samples  and  for  APR  =  70  and  100, 
and  inlet  air  pressure  =1,2  and  3  kg/cm2  absolute. 

The  unbirned  hydrocarbons  concentration  at  the  exit  station  "F”  points  out  that 
moving  outward,  from  the  liner  central  line  to  its  wall,  large  changes  are  not  found,  if 
the  particular  case  at  atmospheric  pressure  is  excluded.  Anyway,  like  carbon  monoxide, 
the  behavior  at  atmospheric  pressure  should  be  considered  anomalous  by  comparison  to  those 
at  .  tgher  pressure  values  (see  a.  this  purpose  Fig  (22)  and  (23))-  Again  like  carbon  mon¬ 
oxide,  ur.bumed  hydrocarbons  too  showed  a  reduction  of  the  emissions  when  the  pressure 
increased,  causing  a  higher  thermal  l'vel. 

The  HC  behavior  becomes  more  complicated  because  of  the  main  role  Played  by  fuel 
injection  and  atomization  system.  Anyway,  test  runs  with  higher  fuel  mass  flow  rate 
(29  kg/h)  did  not  show  any  rilevant  change  of  KC  concentration. 

7.  NITROGEN  OX IIES 

The  process  of  NO  creation  is  regulated  mainly  by  the  temperature  (which  must 
be  particularly  high)  and  by  oxygen  availability.  From  this  point  of  view  and  keeping  in 
mind  the  temperature  nape  shown  ir.  Fig  (7)  through  (12),  the  NO  behavior,  for  the  com¬ 
bustion  chamber  under  test,  becomes  quite  easy  to  understand.  Fig  (IS)  through  (21 ),  as 
already  done,  show  NO  concentration  versus  probe  position,  for  AFR  =  70  and  100,  and  for 
inlet  air  pressure  =1,2  and  3  kg/cm2  absolute. 

For  the  cases  considered,  a  reduction  of  AFR  gives  higher  NO  emissions,  for 
both  central  (corresponding  to  radial  position  "V)  ar.d  peripheral  (corresponding  to  ra¬ 
dial  position  "3")  samples;  similarly,  an  increase  of  pressure  generates  an  increase  of 
NO  emissions.  With  no  doubt,  the  above  effects  are  due  to  higher  thermal  levels  related 
to  both  AFR  reduction  and  higher  pressure  values. 

Along  the  combustion  chamber,  NO  concentration  ar.d  temperature  were  found  to 
behave  almost  in  the  same  way;  at  this  point,  as  an  example,  NO  behavior  (for  the  radial 
po' 'tior.s  "1"  and  "3"  at  each  station  "A"  through  "F"  and  for  AFR  =  70)  and  temperature 
xa;  -  at  the  same  conditions  could  be  compared  to  demonstrate  the  above  statements. 

NO  sampling  data  emphasize  here  again  that  the  dilution  alone  cannot  explain 
completely  the  decay  of  concentration.  Therefore,  the  hypothesis  may  be  advanced,  under 
certain  conditions  in  the  combustion  chamber,  reactions  .xist  which  bring  to  NO  destruc¬ 
tion.  While  sampling,  also  N0X  were  measured;  usually,  they  were  found  to  be  just  a  lit¬ 
tle  higher  than  the  corresponding  NO. 

At  this  point,  it  must  be  noted  that  the  sampling  probe  wss  directly  connected 
to  the  data  acquisition  system,  ar.d  therefore  sampling  and  measuring  were  almost  contem¬ 
poraneous.  NO  and  NO*  were  by  chemiluminescence. 

8.  CONCLUSIVE  CONSIDERATIONS 

The  study  of  a  can-type  combustion  chamber,  like  that  employed  ir.  this  work, 
involves  phenomena  of  kinetic  ar.d  fluidodynamic  nature,  ploying  a  role  of  primary  impor¬ 
tance  for  the  determination  of  temperature  level  and  local  composition.  This  two  aspects 
of  the  problem,  considered  together,  make  quite  arduous  the  extrapolatior  of  the  results 
for  conditions  very  different  from  those  experimented  in  this  research,  mainly  if  the 
changed  working  conditions  are  joined  .by  different  combustion  chamber  architectures.  How¬ 
ever,  the  whole  results  achieved  by  a  systematic  study  can  with  no  doubt  clarify  the  work¬ 
ing  mechanism  of  the  system  under  examination,  thus  suggesting  modifications  to  improve 
its  performance. 

In  the  present  work,  the  emissions  of  some  polluting  substances  (CO,  HC,  NO) 
were  taken  ir.-r  consideration  ar.d  tiled  to  be  correlated  with  the  combustor  behavior  ir. 
different  working  conditions.  The  mechanisms  which  can  favor  the  formation  of  polluting 
substa* ■  s  are  well  understood;  if  these  emissions  are  to  be  reduced,  inside  tho  combustion 


chamber  opportune  conditions  should  be  established,  Aslong  as  NO  is  concerned,  it  is  well 
known  its  formation  being  conditioned  by  particularly  high  temperature  levels,  together 
with  a  certain  oxygen  availability  for  nitrogen  oxidation;  the  destruction  of  CO  and  HC 
is  on  the  other  hand  favored  by  quite  high  thermal  levels  and  by  keeping  in  the  primary 
zone  an  AFR  very  close  to  the  stoichiometric  value  (mixture  Just  a  little  lean).  Also  the 
typical  injection  system  features  should  not  be  neglected,  being  clear  that  better  fuel 
atomization  and  distribution  improve  combustion  efficiency,  reducing  therefore  some  pol¬ 
lutant  emissions. 

What  above  stated  can  be  compared  with  the  graphs  shown  m  Fig  (22)  through  (24); 
here,  measured  at  the  exhaust  section  "F",  respectively  the  behavior  of  CO,  HC,  ar.d  NO  are 
plotted  versus  AFR,  for  different  pressures.  The  emissions  are  then  referred  to  stoichio¬ 
metric  conditions,  to  consider  dilution  effects.  The  results  can  be  very  wall  correlated 
to  the  temperature  maps  before  mentioned. 

As  far  as  CO  and  HC  are  concerned,  an  increase  in  pressure  brings  (generally) 
to  reluced  emissions  or  increased  thermal  levels.  On  the  other  hand,  for  all  the  cases 
considered,  HO  emissions  are  morotone  versus  pressure  and  AFF..  A  pressure  increasing  re¬ 
sults  m  higher  NO  emissions  (see  at  this  purpose  the  temperature  maps),  while  an  APR  in¬ 
creasing  causes  a  reduction  of  NO  emissions.  It  seams  therefore  quite  evident  NO  formation 
being  controlled  mainly  by  temperature  levels,  which,  with  no  doubt,  are  correlated  to 
the  mixture  formed  ir>  the  primary  zone. 

The  considerations  before  developed  bring  to  the  conclusion  that  generallv  those 
parameters  which  are  fsvo.-able  to  NO  reduction  are  on  the  other  hand  m  contrast  1  „h  CO 
and  HC  reduction.  It  becomes  therefore  necessary  to  respect  an  opportune  comDromise  if  a 
design  of  a  new  kind  of  combustion  chamber  wants  to  be  avoided. 
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SESSIOK  XV  -  D2SICK 


OFEUIKC  REMARKS 
by  Colore  1  U.  Hoc,  USAF 


So  far  this  vs  el:  we  have  largely  cor.cerned  ourselves  with  two  very  important  aspects  cf  jet  engine 
generated  chemical  pollution.  They  are: 

1.  the  effects  of  such  pollution,  particularly  at  high  altitudes  and  in  the  icoodiate  vicinity 
of  airports,  and 

2.  the  chemical  reactions  which  are  responsible  for  the  unwanted  products  of  combustion  or,  if 
you  wish,  a  determination  of  the  ultimate  levels  cf  these  products. 

Today  we  will  turn  our  attention  to  the  design  of  the  combustor.  Although  the  burner  is  the  actual 
source  of  tl.e  aircraft  chemical  pollution  problem,  it  also  provides  us  with  our  principal  means  of  control. 
Such  control  will  not  cone  easily,  for  the  pollutants  are  fomed  in  a  conplex  process  which  involves  aero¬ 
dynamics  ,  hect  transfer,  and  reaction  chemistry.  Furthermore,  any  useful  burner  oust  conform  to  such 
practical  constraints  ns  performance,  length,  voiune,  weight,  durability  and  cost.  The  result  of  all  tbtss 
considerations  is  that  burner  design  is  not  a  precise  science,  but  an  engineering  art. 

We  arc  v»ry  fortunate  today  to  have  available  for  presentation  miosis  written  by  experienced  profes¬ 
sionals  who  are  willing  to  share  their  special  imowledge  with  us.  i'.  a.-  substituting  today  Zvx  It.  ‘dill 
ilctscr.  Chief  Scientist  of  the  Air  Force  Aero  Propulsion  Laboratory,  who  was  invited  by  aCARB  to  say  e  few 
words  about  the  role  of  the  United  Slates  Air  Force  in  aircraft  chemical  pollution  control .  I  yn s  pleased 
to  cake  some  introductory  cocxicnts  because  1  have  been  impressed  by  tbi  ntfong  stars  ':hu_  our  Alt  Force  hai 
cade  in  this  aiea,  and  I  would  like  you  to  know  a  bit  about  it.  I  wish  tc-  emphasise...  :.om.  ver,  that  these 
are  intended  only  es  generalized  comments  in  view  of  the  fact  that  U.S.  st'-oda *03  and  Ai.  Force  policy  with 
respect  to  those  standards  have  not  vet  been  established. 

The  Air  Force  is  involved  in  the  subject  because: 

1.  All  U.S,  Federal  .'.gencler,  have  been  charged  by  President  Jllxun  ~o  assume  a  cooperative  sole 
in  all  relevant  aspects  of  environmental  protection. 

2.  The  U.S.  Air  Force  has  historically  played  an  £r;>?;  t«n:  role  tn  the  develcmn-nt  of  r,.;u 
military  and  coix-ercirl  derivative  engines,  U.is  bein',  the  xx  opproprii'C-s  tine  in  thsir 
life  f  tc  introduce  major  technological  advances , 

3.  Tile  applicability  of  the  new  laws  to  the  mi '  ica>  y  has  ;-oc  to  be  determined.  Sires  out 
military  forces  are  the  biggest  single  American  consucw  •  x  iviatiei'  fool,  w  ana  ur.iJkely 
to  be  overlooked  in  the  long  tom. 

4.  Finally,  since  U.S.  Federal  regulations  will  be  ap(>H..d  i:'  the  near  future,  we  am  co¬ 
operating  with  the  Environmental  Protection  Agency  :;i  discussions  and  actions  rei.vting  to 
the  setting  of  standards. 

As  a  result  of  such  reasoning,  our  programs  and  efforts  liavc  the  objective  of  being  an  active  and  co¬ 
operative  agency,  pending  the  outcome  of  the  present  legislation  .-.to  policy  making.  At  this  point  I  must 
re-enphasize  that  the  process  cf  policy  making  is  only  now  going  into  action,  and  that  there  is  as  yot  no 
eCficiel  military  position.  To  begin  the  definition  of  future  Department  of  Defense  posture,  the  Air  Force 
Aero  Propulsion  Laboratory  is  rcconaending  po  lotion  control  goals  which  are  now  under  consideration  6t 
higher  levels.  These  goals  do  not  conflict  with  the  intent  of  the  proposed  Ewironcu-ntal  Protcct.loij  Agency 
regulations.  You  will  be  hearing  more  abort  these  suggested  goals  in  the  presentation  to  be  given  this 
afternoon  by  Hr.  Sender  :on. 

Let  me  briefly  review  scoo  ->t  tin  problems  of  pollution  control  that  are  peculiar  to  the  military. 

To  begin  with,  any  control  technique?  that  rob  high  pciforaancc  military  aircraft  of  their  tactical  margin 
will  obviously  be  unacceptable  and  that  must  represent  the  military  position  for  combat  aircraft.  For 
example,  reduction  of  oxides  of  nitrogen  via  water  injection  will  probably  never  be  applied  to  fighter 
aircraft,  hext,  wc  find  that  ther :  are  some  conflicts  bet-men  the  diicstion  in  which  high  performance 
engine  technology  is  moving  ar.f  that  implied  by  the  Environmental  Protection  Agency  goals.  The  most  notable 
here  is  the  fact  • ' at  burner  tciperatutes  will  continue  tc  increase  through  the  foreseeable  future.  Since 
generation  of  oxides  of  nitrogen  inCSr-aiMS  with  teaperatore,  the  jrvironmcntul  targets  will  become  increas¬ 
ingly  difficult  to  reach-  Another  issue  is  tiiat  of  exhaust  trail  visibility.  The  r'Ucary  criterion  for  a 
sufficiently  invisible  exhaust  plume,  which  is  not  yet  clearly  defined,  is  likely  to  be  more  stringent  than 
the  environmentalists  will  require. 

A  further  uni  cue  aspect  of  the  ait.  cary  situation  is  tha*  a  stai.dard  landing  and  take-off  eye  ie  cannot 
rcaronably  bo  defined  for  r.ilv.ary  aircraft.  This  bar  caused  us  m  sr  ?k  coals  that  arc  baeed  upon  the  tech¬ 
no*  ■  ■»  rsguired  to  matt  the  intent  of  the  prooosed  environmental  regulatiors. 


Finally,  thfcre  are  feature*  of  the  problem  vhich  are  principally  military.  Here  Z  can  cite  afterburner 
emissions  as  *r.  outstanding  example.  Since  early  work  Indicates  that  the  chemical  reactions  continue  a 
considerable  distance  downstream  of  the  nozzle  exhaust  plane,  we  are  not  even  certain  as  to  the  magnitude  of 
this  problem.  1  doubt,  however,  that  it  is  about  to  simply  disappear.  In  response  to  all  of  this,  the  Air 
Force  has  spent  the  pest  year  layi.ig  tfca  foundations  necassary  for  progress.  We  believe  that  our  posture 
will  allow  us  to  respond  to  the  challenges  ebead.  Among  other  actions: 

1.  We  have  worked  closely  with  our  Army  and  Havy  to  develop  a  coordinated  program  to  reduce 
pollution. 

2.  We  have  participated  extensively  with  our  Environmental  Protection  Agency  during  its 
regulation  development  phase  in  order  to  provide  technical  assistance  and  to  clearly 
understand  their  Intentions  and  proposed  standards, 

3.  We  have  initiated  technology  base  programs,  seme  in  conjunction  with  our  Department  of 
Transportation  and  Federal  Aviation  Administration,  for  the  measurement  end  control  of 
pollution. 

4.  We  have  encouraged  the  engine  industry  to  accelerate  their  own  investments  in  this  area. 

5.  We  have  encouraged  coordination  and  information  exchange  through  conferences  and  short 
educational  courses  intended  to  inform  key  personnel  of  the  most  recent  developments. 

6.  We  have  determined  that  university  support  for  related  work  should  be  greatly  increased. 

7.  An  office  has  been  established  which  directly  serves  the  Secretary  of  the  Air  Force  end 
Is  concerned  only  with  environmental  quality. 

8.  The  Air  Force  position  is  not  completely  firm,  but  it  is  fairly  obvious  that  we  will 
incorporate  new  technology  to  reduce  pollution,  which  may  not  be  acceptable  in  some 
cases  involving  combat  aircraft,  Ken-supcrlority  aircraft,  such  it  military  transports, 
will  no  doubt  be  considered  quite  differently. 

This,  however,  is  only  the  beginning.  The  stringent  goals  proposed  for  1979  might  well  be  surpassed 
by  even  more  stringent  goals  for  1983,  and  so  on.  Cne  can  only  conclude  that  better  and  better  practical 
jet  engine  chemical  pollution  control  techniques  will  have  to  be  found.  Obviously,  without  strong  support 
from  the  entire  technological  conounity,  none  of  our  goals  can  be  net.  In  the  long  tern,  then,  our  future 
really  rests  in  your  hands.  In  the  near  tern,  on  the  other  hand,  w*  are  in  the  hands  of  that  small  hard 
of  bravo  aen  known  as  designer*.  And  that  brings  us  back  to  the  purpose  of  today's  meeting. 
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RESUME 

A.pris  un  examen  des  difffrents  noddies  actuellement  proposes  pour  calculer  Devolution  des  espices  polluantes  dans  un  foyer 
de  turboreactcur,  unc  etude  critique  de  ces  modeles  est  fait:  en  vue  de  lour  amelioration  arin  dc  pouvoir  : 

•  predire  le  taux  d'esp£ces  polluantes  uws  foyers  cour  diverses  conditions  de  fonettonnement, 

•  d6;ager  les  principaux  paramitres  qui  agiront  sur  ce  taux  de  polluants, 

•  concevoir  de  nouveaux  foyers  optimises  pour  avoir  unc  production  minimale  de  polluants  tout  en  conservant  les  memes  performances, 
SUMMARY 

MODF.LIZATION  OF  TUP.BOUACHINE  CON  Bit  STOPS  FOR  POLLUTION  STUDIES 

After  a  survey  of  the  various  models  currently  proposed  to  calculate  the  evolution  of  polluting  species  in  a  turbonachine  cos&ustor,  a  critical 
study  of  these  models  ir  presented  with  a  dew  to  improve  them  in  order  to  : 

a  predict  the  polluting  species  generation  rate  of  the  combustor  (or  venous  functioning  conditions, 
a  bring  out  the  mein  parameters  acting  on  this  polluting  rate, 

a  design  new  optimised  combustors  generating  a  minim  it  of  poll  at  aits  while  retaining  the  same  performance. 

L  INTRODUCTION 

Un  fuy  x  dc  turboreacteur  modernc  cst  caracterise  non  seulement  pat  I'efficacite  de  la  combustion,  les  pertes  de  charge,  les  pres* 
t..*as  Unites  de  fcnctionnemenr,  I'uciformitf  de  la  temperature  de  fin  de  combustion  mais  encore  par  Ic  pourcentage  des  produits  pol¬ 
luants  formes.  Cette  nouvellc  contrainte  a  donne  natssance  h  tout  uneactivite  scientiLquc  qui  coraprend  sur  le  plan  thdorique  1‘ela- 
boration  de  modules  mathematiques  peraettant  d'evalucr  le  taux  de  production  des  especes  polluantes  comme  les  oxydes  de  l'azotc 
ct  du  soufre,  l'oxyde  de  carbone,  les  hydrocarbures  imbtCles  et  les  pacticules  solidcs. 

L'objectif  de  ces  oodeles  est  tout  d'abord  de  predire  svec  suffisamtnent  de  precisinn  le  taux  de  production  des  espdees  polluantes 
du  foyer  principal  ct  de  la  rechauffe  des  turboreacteurs  actuellement  utilises  ,  il  doit  egalement  pcrmei  tre  de  degager  1'influence  des 
pnocipaux  paramerres  qui  agissent  sur  ce  taux  dc  production;  ces  modeles  doivest  enfin  pouvoir  guider  l'sngenieur  dans  la  conception 
de  nouveaux  foyers,  dans  la  faqon  dont  il  fats  organiser  la  combustion  de  manure  a  produirc  le  minimum  de  polluants  tout  cn  respcc- 
tant  les  ctitercs  d'cfftcacite  er  de  pettes  de  charge.  Cette  optimisation  de  foyer  ne  pourra  se  faire  qu'i  pnrttr  dc  modeles  valables. 

Le  but  dcce  travail  est  de  presenter  les  different  modiles  qui  sont  actuellement  proposes  et  d'iediquer  dc  quell*s  manieres  i!s 
pourraient  ttre  ameliores  pour  resoudre  les  trois  oroblimes  precites  ; 

-  predire  le  taux  de  polluants  des  foyers  pom’  les  diverses  conditions  de  fonettonnement  ;  -  . 

-  degager  les  principaux  paramitres  qui  agiront  sur  ce  tsux  de  poiiuams  ; 

-  concevoir  de  nou*eaux  foyers  optimaux  i  production  minimale  dc  polluants  tout  ea  conservanr  les  performances  du  foyer, 

2.  ANALYSE  DES  DIFFERENTS  MODULES  PROPOSES 

■  ■■■!■■«  ■■■  "  . .  I  »■»>*— II  I  — <!■■!■  -  — 

Nous  discing  cons  deux  classes  de  nodeics,  les  modeles  simplifies  eu  ooduWiyes  ttb  cbxqce  fonction  du  foyer  est  represents 
pat  un  bloc  ayant  ct.  .aines  proprietes  ct  les  modiles  a  combustion  evolutive  ssu-  eicacent  compte  de  la  structure  de  I*  zone  de  com¬ 
bustion  et  des  fceterogeneites  apportees  par  les  conditions  4'ttjectii..i  du  combustible  et  de  I'ait,  p-ar  1c  strucruie  tsurbiilonnsite  de 
I'ecouicment,  -Avant  d'abord  tr  cette  schemitivastoc  examinons  brivestcu  Se  foncrioasemcnr  des  foyers  act  cels  1 1?. 

Nous  avons  represents  sur  U  figure  1A  la  structure  de  la  zone  de  combustion  o  un  foyer  principal,  Une  injection  Iwcmie  er 
axiale  d’nr  trie  line  xonede  recirculation  ,  le  combustible  finemea  pa! rinse  est  tnjccte  dans  Cette  zone  ,  ce  tinyca  de  tccircelatioa 
est  le  siige  d'unt  eonbustisc  tris  intense  iuc  aux  ^changes  de  masse  et  d'energte  carte  !cs  produits  brclia  femes,  Pair  et  les  goia» 
tes  dc -rorobs-nble, e'ett  la  zone  der combustion  prinuire,  Le  support  cc  melange  iassettre  zone  <tsr  vnlsio  du  melange  xroejhioBfe 
trique,  De  ce  noyau  s’echappcnt  dc,  gas  imparfaitemcnt  bruins,  la  ccmoustfe  se  poersuit  dans  ie  ioye?  tubulaire  jcSee  i  tin  eppwt 
lateral  d‘air,  e'est  la  zone  de  combustion  second xire.  Pour  limiter  la  temperature  4  t'entrec  de  la  turbine  les  gw  bities  soot  melanges 
4  uce  nouvellc  injection  laretalc  C  ait,  e'est  la  zone  de  dilution. 
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L*  figure  IB  reprdsente  l'otgar.isation  de  la  combustion  dans  an  foyer  de  rdchauffe,  la  stabilisation  dc  la  (lamme  dans  cet  ecou* 
lemeot  prCcarburd  A  grande  vitesse  est  obtenue  par  des  obstacles,  Hn  aval  den  obstacles  une  zone  de  recirculation  conditionne  la 
stabilisation  de  U  damme  ,  i  partir  de  cette  zone  une  damme  tutbulente  se  propege  tout  d'abc>rd  sans  interaction  avec  la  paroi  ou  tee 
daomes  voisir, antes,  c'est  la  zone  de  jec  ;  par  la  suite  il  y  a  rencontre  des  diff/.rentes  dam  men  t  urbulentes,  e'est  la  zone  d'ioter* 
pdndtracion  ;  A  l'extrdmitd  du  foyer  on  rencontre,  si  le  foyer  est  suffisamment  long,  une  zone  de  combustion  plus  hooogine.  Ce  foyer 
esc  dos;  caractdrisd  par  une  forte  stratification  de  1‘dcoulemenr.  • 


prihair  f  seconoaire 


1 A  •  Organisation  da  la  combustion  dans  un 
foysr  principal  da  tvrboraoctaur. 


Fig. 


IB-  Organisation  da  la  combustion  dans  un 
foyar  da  rachoulta. 
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/one  Of  ZONE  DE  JET  ZONE  D’ INTERPENETRATION  ZONE  DE 
PE  CIRCULATION  COMBUSTION 

COMBUSTION  UETERCGENE  HOMOSENE 


2,1.  Foy^r  principal  de  turboriaetcur 

Nous  allons  tout  d'abord  aborder  les  modules  simplifids  ou  modulaircs. 

2,1.1.  Modules  simplifids 

Ua  foyer  principal  de  tutborducteur  peat  ctre  reprdscntd  (fig.  2,  par  un  ensemble  de  rdacteurs  plus  ou  moins  pirfai<  ;,'«nt  mdlangds 
el  d;  rdacteurs  (ubulaires.  Cette  figure  en  donne  trois  exemples  ipii  sow  utilisds  A  l'heure  acivelle.  Pour  mieux  comprcndre  cette 
annlvse  il  nous  pnrait  utile  de  donner  les  principales  caractdrisd  ques  de  ces  rdactrur 


AIR 


RPM  ~  Rdoetavr  Potlnitereant  Mdlsngi 
RMP  =  Rdocttur  6  Milonga  Portia! 

RTP  *  Rioetaur  Tubuloire  Piston 

RTW.  =>  Rdeelaut  Tybuloira  4  Mdionga  Latifol 


Fig.  2  -  Rcpritantotior  scheswlgvi  d'on  foyer  principal  da  tvrbrricctaur. 
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a)  rdat'teurs  parfaiteuent  mdlangcs 

Pour  mieux  saisir  l'intdtet  de  ce  modeie  il  nous  scmMe  utile  de  rappeler  bridvement  In  thdorie  de  cc  reacteur,  On  admct  tout 
d'abord  que  les  temps  ndcessaires  au  mdiange  sont  ndgligeables  devant  les  temps  ndcessaires  aux  reactions  cbirniques,  Les  condi¬ 
tions  dans  le  reacteur  correspondent  done  aux  conditions  de  sortie,  Les  Oquatioc-  de  conservation  s'dcrivent  : 

-  donation  de  continuity  globale  : 

if  =  +•  -  'Tn  *  <mc  -  w 

-  -  Equation  de  continuity  dea  espdees  : 

4-V'V^ 

dt  **  *■  * 

-  dquation  de  conservation  de  I'dnergie  : 


i(s ^yz^hCr.)  -f  ")VS  -  <*<», 


est  le  volume  du  idacteur  et  V^.  le  taux  de  production  de  1‘espdce  j  ;  en  introduisan!  la  fraction  massique  ^  S  5 
l'dquation  de  continuite  des  cspdccs  devient  : 


(1) 


oil  fewest  le  temps  de  sejour  qwl^dtant  It  debit  d'entrfe  dans  le  rdacteur, 

L'dquation  de  conservation  de  I'dnergie,  en  templaqant  I'dnergie  interne  par  I'enthalpie  Jp ®j*^*5^i**^*  en  supposant  le 
prodcit  W  constant  et  en  mettanl  renthnlpie  sous  la  forme 


?  Yi  ^  f  $  Ljjv** + %  ]  *  f  $  l ** i  *  Vi 


oh  “fittest  la  partie  de  I'enthalpie  sensible  x  la  tempyrature  ct  ^*la  chaleur  dc  formation  A  pression  constantc  de  I'espice  ^ 
a  pour  expression  : 


Le  reacteur  esc  supposd  adiabacique  20).  O. 

Les  conditions  d'entrde  dans  le  rdacteur  { et  )  dtant  ennnues.  L  systdme  constitud  par  les  dquations  (1)  et  (2)  donne 
conditions  de  f  onctionnemcnt  du  rdacteui  (composition  et  tetrpdrarure  pour  ur~  pression  donndc).  il  est  done  possible  d’avoir  la 
composition  des  produits  polluants  comme  NOx,  SOjj,  CO  ...  4  c-'edkion  de  bien  connaitre  is>  cindtiquc  chimiquc  de  formation  de  ccs 
substances,  Ces  diffdrentes  faqons  de  rcsoudre  ce  probldmc  pc.  .er.t  ctrc  rdsumdes  dc  la  manidtc  suiv  .  us  : 

IS  On  suppose  le  rdgime  permanent  le  systdme  d'dquatinns  se  reduir  aloi 

y*  *  ^  /  S 


(2) 


les 


(3) 


•f 


"  y»L,i  =■  Z  yi,  L.j,  -  r£‘'i,e* 

Cactcur  sont  connues  (richcsse,  ddbit,  pression)  !e  ] 


Les  c>  utions  d'entrfe  dans  le  rdacteur  sont  connues  (richcsse,  ddbit,  pression)  le  parandtre  que  l'on  fait  varicr  est  ie  temps  dc 
sdjour  qui  litnitc  le  processus  rdactionnel  ;  on  peut  toutefois  le  determiner  si  le  volume  du  rdacteur  est  connu,  raoyconant  une  hypo- 
thdse  sur  la  masse  volumiquef,  les  ddbits  dtant  dgalement  connus,  La  ddrermination  de  concentrations  des  espdees  polluantes  repose 
alots  sur  les  liypothises  faites  pour  reptdsentct  la  cindtique  chimique.  Exatainons  les  plus  utilisdes  : 

a  «L'dcuture  d’un  systdme  d'dquations  cnirruqur  complete  constitue  la  solution  iddale  roais  qui  conduit  4  des  rod; bodes  de  rdsolution 
coropliqudes,  les  dquations  dtant  non  in  daitcs,  mais  souvent  gudre  plus  complexes  que  le  calcul  de  !a  composition  a  l'dquilibre  et 
des  mdthodes  similaires  peuvent  ctre  ut.lisdes  pour  la  rdsolurion. 

b  *Unt  deuxtdme  (agon  de  ptoedder  cons:  <te  4  admettte  que  le  temps  dc  reaction  chimiquc  est,  pour  cetiaincs  rdactions,  petit  devant 
le  temps  de  »djcur  de  telle  man  id  re  qu'il  seta  possible  de  supposer  ces  rdactions  4  i'dquilibre  et  df  conscrver  dans  le  systdme  rd* 
gissant  la  c.ndtique  chimiquc,  les  rdactions  lentes  qui  freinent  le  processus,  Lc  mode  opdiwoirc  est  aiors  le  suivant  : 

,  on  calculc  la  tempdrature  et  la  composition  en  supposant  tout  le  systdme  en  dquilibtc  ,  on  dsaluc  ensuite  lc  paramdtre  de  BRAY 
qui  est  un  entire  d'dcart  4  I'cquilibre  pour  s'assurer  que  I'hypothdse  cst  valable.  Cc  critdre  pour  une  rdactiot.  du  type  : 

-m  —  if 


lfA*  o  jEt  vo*u 


<• 


s'dcrit  :  (<) 


But  t  -  J 

les  vitesses  spdcifiques  de  rdaetion  function  dc  la  tempdrature,  OZj  est  la  rcasse  rnolaite.  £  cst  calculd  -'’et 
i  de  l'dquilibre  ,  l'dquation  chimiquc  prdcidenre  peut  etre  supposes  4  I'd  quilibre  si  tS>*  cst  voisin  de  zd:o  • 


i  et  i  sont 
les  conditions  t 

Cc  calcul  est  valable  si  on  admet  que  la  rempdrarure  calculde  avec  I'hypothdse  de  l'dquilibre  n'est  pas  t.ds  dloigade  Jc  la  tem¬ 
perature  calcuide  avec  la  mdthode  a.  (21, 

.  On  calcule  en  suite  la  composition  en  supposant  certairves  tdactions  rdgies  par  l'dquilibre  er  d'awres  par  la  cindtique  chimiquc, (31- 


®?r'- 


c  .Une  troisiime  maniite  d'opfrer  consistc  it  sf parer  lcs  difffrer.tes  formations  des  espfccs  polluantes,  on  suppose  don;  qu'it  n’y  a  par 
interffrencc  entre  les  difffrentes  espiccs, 

.  On  calcule  tout  d'abord  tes  fonctionnemcnts  du  rfarteur  a  partir  d'un  sysci.ne  chimtque  simplifif  vfrifiant  en  parcicuiier  ie  titan 
d'cnergie,  cn  pent  par  exempts  utitiser  unc  Equation  du  deuxiime  ordre  pour  rcprcsenter  lcs  phfnomines  de  combustion  de  type  : 

K.+  0  -+f 

ou  mime  un  systime  simplifif  plus  coinplexe  qui  donne  lcs  imbrulfs. 

.  Connaissanc  tes  conditions  dans  le  rfacteur,  on  ferit  pour  chaque  espice  potluantc  Ie  systeme  de  reactions  chimiqucs 
cortespondant  :  systime  donnant  la  concentration  en  CO*  systime  donnant  la  concentration  de  NO  -  systime  donnant  .a  concen¬ 
tration  en  SO^.,„  et  on  resout  ces  systemes  sfparfment.  On  fait  done  I'hypothCse  (vfrifife  pour  le  NO)  que  la  concentration  Je 
I'espicc  polluante  est  suffisamment  faible  pour  ne  pas  perturber  le  bilan  fnergftique. 

2  a  Une  deuxiime  maniite  de  rfsoudre  le  systime  d'iquations  relatif  au  rfacteur  homogine  consistc,  comme  le  font  EDELMAN  ct 
ECONOMOS  [  -tj,  4  constdircr  le  systime  complct  constttuf  par  les  iquations  (1)  et  (2)  du  tfgime  transitoire  et  4  rfsoudre  ces  fqua- 
tions  sous  unc  forme  diffirenticlic,  la  resolution  etant  poursuivie  jusqu'au  regime  permanent. 

b)  rfacteurs  4  melange  itnparfait 

L'imperfection  du  mflange  joue  un  tris  g.and  role  dans  la  production  des  espices  polluantes.  On  sait  en  effet  que  la  production 
de  CO,  de  NO,  des  hydrocatbutes  imbrulfs,  dn  carbone  est  tris  sensible  au  rapport  de  inflange  local  et  a  la  temperature  ;  cctte  pro¬ 
duction  sera  done  sensible  aux  hftfrojfnfites  rencontrfes  dans  le  foyer,  hftfrogfnfitfs  qui  peuvent  etre  dues  aux  preccdfs  d'injec- 
tion  du  combustible  (gouctes)  ec  dc  l'air  (jets),  4  la  turbulence  de  l'fcoulement,  fonccion  de  paquets  plus  ou  moins  riches  ct  plus  ou 
moins  mflangfs,  4  la  stratification  de  l'fcoulement.  La  caractfrisation  de  cette  hftfrogfnfitf  est  un  point  important  du  modile  si 
l'on  dfsire  obtenir  correcttmeot  la  production  des  espices  polluaucs  4  la  sortie  du  foyet.  Dans  !e  cas  de  rfacteur  du  type  que  nous 
venons  d'ftudier  on  peut  tenir  comptc  de  i'impetfection  du  mflange  de  difffrenr.es  mnnieres. 

l«Le  temps  de  sfjour  tout  d'abord  n'est  pas  le  meme  pour  routes  les  molfcules  ent-’nt  dans  le  rfacteur,  i!  cxiste  done  une  for.ction 
de  distribution  du  temps  de  sf  jour.  Pour  la  dfrerminer  os  utilise  la  technique  du  traceur  consistan:  pat  exemplc  4  ajouter  celil-ci 
pendant  un  inrervalle  de  temps  bref  (rmichode  de  l'trapulsionl  au  encore  on  fait  subir  au  debit  un  fchelon  (mfthode  de  1'fcbelon)  ou 
une  variation  sinusoMaJe.  Si  nous  dfsignons  par  C£Ola  concentration  du  traceur,  l'f volution  dc  la  concentration  est  donnfe  par 
l'fquaticn  du  bilan  : 

tefP.  c(tj  .  c.OO 

vv  ftsrnt  la  concentration  4  l'cnrrfe. 

Si  nous  suppose  ns  que  le  eraccur  est  inject.'-  pendant  un  temps  tris  court  la  solution  s’fcrit  : 

(6) 

L’fvolutiut.  de  C  en  fonction  du  temps  dffini:  la  fonction  densitf  dc  probabilitf 

'7)  *fCO*  x 

ftps*  sc-te  2a  distf.butic'o  du  temps  dc  sejour  dans  *c  rcacteur,  la  Traction  dr  l*ecoulek»%mi  don.  lc  temps  dc  s6jour  est  compris  entre 
t  ct  "4tr  est  ;  la  fonction  de  distribu  ion  s’fcrit  : 

(8)  FCt)  si  -  £-*/**]  a 

e'est  la  frattioi:  "espices  possfdsot  un  temps  de  sf;our  inffrieur  au  temps  t .  Le  tertps  dc  sf  jour  moyen  corrcspor.dau:  au  moment 
d'ordre  un  est  v*  et  la  variance  <T*a3  £  , 

Les  foneiions  dt  distribution  utiiisfes  dans  ie  rfacteur  som  en  gfnfral  plus  complexes  ct  dc  !a  forme  : 


FC»-  i  ~ 


e  front  deux  Constances  dfteruinfes  par  1'expfricnce  ;  ces  deux  constautes  tiennen:  compre  dc  la  stratification  dc  l'fcoulc- 
aifct  ou  d-rs  volumesmottsc'est-a-dtrc  des  zones  de  rfattcui  Ob  le  taux  dc  production  chimique  est  nul.  Si  nous  prenons  par  exemplc 
un  fcoulemen:  strstifif  dans  le  rfacteur  relatif  a  deux  rfgicns  une  fraction  est  parfauement  m-'  rngfc  ec  une  fraction  -l-  -f 
non  mflangfe 


mi-  -(*/*)(  b  -  (t~{J*i?/b*J 

fi*  l'f  J  , 


WtmUsl 


2*  E raainons  lc  cas  cii  l'imperfection  du  mflange  sc  traduit  par  dc'  vanat'  >  de  .  aieo-ario. ,  f.  vc.-zbi-.  elr-.t-drc  *  •  .c 

cas  la  grandeu*  dffinissan;  In  com;  usitio  _  mflange  ;  ptric-s  pv  ..  .crap! .  ’a  t«t,r *.  .ti  <i  r»t*:,rc  £  «  ft  a  t'insr  -nt  t  , 


d'ordre  i  et  dc  la  variance  -2 La  non  uniformitf  cn  conccntrat-oa  peut  ctre  dferite  par 

;.a  variance  gf*  ,  un  mflsr.gc  turbulent  isentropiqr.e  conduit  4  une  dfrr-t  ^ancc  de  Jf*  .  £n  incrodu-sint  un  tesips  caractfrtstique 


do  mflange  ,  • 


t1  • 


an 
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Ce  temps  de  mylange  interviem  par  comparaison  au  temps  de  si  jour  fcg ,  dans  le  cas  d'un  rdactcur  avec  injection  iatirale  on 
obticnt  sensiblement :  _ ,  - 


W*H  ti  (4/4)  (3>  /$J 


o&JD  est diamitte  du  ryacteur  et  S  la  surface  des  jets  entrant  dans  le  ryacteur.  En  utilisant  le  technique  du  traceur  on  peut 

ygaleraeot  avoir  une  idie  de  la  valeur  de  tm> 

•f 

La  density  de  probability  ^CC/t^p-'Ut  etre  obtenue  i  partir  d'une  iquation  de  bilan  du  type  de  BOLTZMANN  (  5  L  L'ivolution 
des  e spices  dans  letiacteur  va  dipendre  de  deux  para-nitres  de  DAMKHOLLER  :  le  rapport  frj  du  temps  chimique  au  temps 
de  sijour  et  le  rapport  frjr/ fri*  du  temps  de  sijour  eu  temps  de  melange 

3*  FLETCHER  et  HEYWOOD,  dans  la  zone  primaire  de  combustion,  supposent  que  l'icoulement  est  rapidement  divise  rn  flements 
discrets  de  dimensions  plus  petites  que  celles  du  ryacteur,  Ces  ilements  son:  rapidement  dispetsiset  brOlent  avec  des  richesses  Y 
diffirentes.  11s  supposent  pour  if  une  distribution  gaussienne  avec  une  vtileu.  i.oyenne  9*  et  une  deviation  standard  <T ;  ils 
caractirisent  la  noa  uniformity  du  rincteur  par  le  paramitre  de  mylange  1-  density  de  probability  du  temps  de  sijour  est 

reprysentye  par  l'yquatior.  (7).  Les  rysultats  obteuus  sent  reprisentys  sar  la  figure  3. 


a  Porcmjtre  d«  milonge  tr/tp 
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<r'  ? 
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Fig.  3  •  Fermat  ion  theotigue  et  experimentaie  tie  NO 
dent  on  {oyer  principal  de  turhoreactm-  en 
hnetian  de  la  chat gi,  calcul  avec  trois  rapports 
de  melange  j  =  0,  s  =  0,25  et  *  -  0,5  >  111, 
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Fig.  4  •  SeWmjt/jotion  de  lo  tone  primaire.  ^ 
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4* La  reprysentation  de  I’Kityroginyity  de  la  zone  dc  combustion  ptimairt  peut  ftre  obtenue  en  lonnidfram  pluaieur*  ryactcurs  161 
homojines  (fig,  3),  dine  fa>;on  dc  faire  est  celle  reprysentye  sur  la  figure  4A  oi)  sont  covolf*  drux  rdacteurs  homoginus  de  vole  nca 
•^c’  correspondant  i  duur  temps  dc  syjour  fry  et  tu.  .  Le  detixiictc  est  i  recirculation  ,  une  fraction  R  dea  gaz  h/.l6s 
sertant  de  (1)  pdnitre  dans  le  ryacteur  (2)  i>  fraction  (1*R)  tllant  dans  le  ryacteur  (ubblfllrc,  Lea  ga /.  b.  .16*  wtant  dc  (2)  (>ynetrent 
dans  (1).  Cette  scbymstLwr:*.  a  yty  adopide  pat  HAMMOND  MELLOR  t  7  1.  Compte  tenu  dee  yqiiatlanu  donntm  le  f  f  'Ctionnemcnl 
d'un  ryacteur,  i!  est  faerie  d'yerire  le  bilan  des  rspices  et  le  riian  d'enurg>c  pour  chacun  dea  ryacteut*,  On  peut  ygelemcm  utiliser 
le  couplage,  figure  4B,d'ur>  molangeur  ptentwt  en  corap;  e  ['aspect  physique  dysigny  par  (M)  ct  d'un  .fact  uat  horn*  gene  (R),  avec  recir¬ 
culation,  Ic  mdlangeur  est  sans  reaction  chimique  st  dons  le  ryacteur  [otfaites.,..t:  roelangy  n'intervttnneei  que  do  tyactions 
chiouqucs,  Le  partage  des  diffyrenls  dybits  de  la  zone  primaire  {cut  se  fairt.  comme  indiqui  sut  In  ligittc  4C  Le  dyhit  qui  pynfr* 
tre  dans  les  orifices  latyrnus  sous  forme  de  iet  fatsant  un  angle  «C  avec  la  normale  it  la  paroi  laidrale  du  foyer,  ce  dybit  sc  divise 
en  teois  parties,  qui  teste  dans  la  zone  de  recirculation,  i  *1*4  qui  nenit'e  dans  la  zone  de  recirculation  mats  qui  cn  rcssort  ct  Ic 
dyoit  (l.b).W^  injccti  vers  la  zone  de  combustion  secondaire,  Dans  la  panic  s-son:  du  foyer  pdriitre  le  d.  ,it  C  pa;  le  dispo- 
jttif  de  raise  en  rotation  de  Fair  (swirl),  ta  valeur  dc  b  est  donnyc  par  : 


k>*o,s(7i/7lt )  w  «  ( 


7i  c«  la  tempyrate'e  dc  Fair  4  Fcntryc  ct  TJ^  la  tempirature  moyenne  de  la  zone  primaire. 
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c)  rdacteur  tubulaite  unidimensionnel  -iu  type  piston 

Ce  rdacteui  suppose  i  I'entrde  un  melange  parish  de  Pair,  du  combustible  et  des  gaz  brutds  s'i!  esc  placd  aprds  la  zone  pri- 
maire  de  combustion.  On  admet  dgalement  que  les  phdnomdnes  de  diffusion  sor.t  ndgligeables  de  sorte  que  les  dquations  de  conti- 
nuild  s'dcrivent : 

.  Equation  de  continuhd  globale  Q  *  tlf  *  constante 
.  Equation  de  ccntinoitd  de  l’espice  -j. 


(14) 


dX  r 


tff/tadcanr  le  gradient  de  concentration  le  long  du  rdacttur, 
L'dquation  de  conservation  de  1‘dnergie  devicnt : 


Q 


P  tJL  “X 

oc  encore  d'apris  la  ddfinition  de  4 

08 


*  * 

Q  est  la  chalenr  echar.gde  avec  l'extdrieur,  on  suppose  qu'il  n'y  a  pas  d'dchange  par  conduction,  l'dnergie  cindtique  est  ndgli- 
gcable  devant  l'dnergie  thermique  et  chimique,  L'dvolution  de  la  combustion  est  suppssde  sensiblement  issbere  ce  qui  dlimine 
l'dquation  de  conservation  de  la  quantitd  de  mouvemest, 

L’dvolution  des  concentrations  des  espdces  polluantes  est  obtenue  1  pa-tir  de  Pintdgration  de  Pdquation  , 

(16)  (dx.  a  Jlty/fvjjyj  , 

6 


tout  le  long  du  foyer,  ou  encore  en  remplagact  la  distribution  spatiale  par  .Utvl  ition  tcmporelle  : 

(17) 

Cc  module  petu  ctre  amtiiort  en  introduistnt  unc  injection  progressive  d*air  tout  le  long  du  rlacteur  ou  encore  en  tenant  compte 


igact  ja  dtntaoution  spatial 

t  *  /-q 

h 


de  la  stratification  de  Pdcoulement  ou  de  la  prdsence  de  phases  condcnsdes. 
d)  representation  du  foyer  principal  &  1'aide  de  rdacteurs  dldmentaires 


A  Paide  de  ccs  deux  types  de  rdacteurs  :  reacteurs  parfaitement  cndlangds  (RPM)  ou  tenant  comptc  du  degrd  de  indlange  o'  rdac- 
teurs  tubulatres  du  type  piston  (RTP)  il  est  possible  d  ■  schdroatiser  un  foyer  principal  de  turbordccteur.  Sur  la  figure  2  nous 
donnons  erois  schdtnts  qui  ont  dtd  utilisds  pour  cvalu-.  >  a  production  de  NO  et  de  CO. 

Dans  lc  moriile  A  dui  HEYWOOD  (31  la  zont  priroahe  <ie  combustion  rst  teprdscntde  par  un  rdactei*  du  type  RPM  ct  la  zone 
secondaite  de  combustion  ct  de  dilution  pat  un  rdacteur  tubulaire  avee  injection  d'ait  &  diftdtences  abscisses.  Le  modile  B  du  i 
FLETCHER  et  HEYWOOD  (  91  comporte  un  rdacteut  i  adlangc  impatfait  cn  introdoisant  unz  function  de  distribution  du  temps  dc 
sdiour  et  de  la  richecse  (RPM1  la  zone  dc  combustion  sccondaire  est  teprdssntde  par  deux  rdacteurs  tubulaires.  Le  moddle  C  du  a 
HAMMOND  et  MELlOR  (10]  reprdstnte  la  zone  primairc  par  deux  rdacteurs  parfaitement  mdlangds  avec  recirculation  et  la  zone  dc 
combustion  secondaire  par  une  sdrie  de  rdacteurs  A  tndlange  parfair,  Le  rdacteur  tubuSwhc  du  type  piston  peu?  en  effet  ctre  represent 
par  une  succession  de  rdacteurs  du  type  (RPM)  avec  injection  pattidle  d’ait  dans  chacun  des  rdacteurs.  A  l’aide  de  cette  schdmati- 
sation  il  est  possible  d'dvaluer  tout  le  long  du  foyer  la  variation  de  concentrations  des  poKuams,  La  figure  5  en  est  ua  cxcmple  du  4 
HEYWOOD  (8),  (111.  La  zone  de  combustion  primairc  correspond  4  la  part*c  i  rirhesse  t  constante  (0-4  ms),  la  production  de  NO 
est  limitdc  par  lc  temps  de  sdjour.  La  zone  de  combustion  secondaite  (4-10  ms)  i  ricaessc  ddcroissunte  pat  suite  de  I'injcction 
d'air  es'  ratactdtisde  par  une  augmentation  de  NO  due  4  la  zone  de  combustion  secondai-e  puis  pat  une  ddcroissancc  dans  la  zone 
de  dilution. 


ix  ur 
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Fij.  5  •  Voriotioos  an  foocfion  do  f*mp*  de  la  1*mp*rotvr*; 
de  h  richtss t  d*  to  fraction  tnoxtiqvt  <h  SO  cal • 
eolies  par  It  schema  d*  la  figure  2  C  (81. 
p  =  15  bets,  feirpfrsture  d’«ntr««  =  700*K 
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2,1,2.  Modules  i  combustion  Evolutive 


a)  phase  gazeuse 

Les  modules  prdcddents  rcposent  sur  une  conception  spatial*;  simple,  traction  dans  ur.  volume  doan<  ou  reaction  cnimique  suiva«t 
une  direction ,  problime  unidioensionnel.  Dans  un  foyer  par  suite  de  ^organisation  de  la  combustion  des  probliroes  bi  et  tridimeiision- 
nels  apparatssent  (12).  Le  schdma  le  plus  simple  que  l'on  tencontre  et  qui  a  dtd  traitd  par  D.B.  SPALDING  est  celui  reprdsenti  sur  la 
figure  6  oh  deux  dcoulements  A  et  B  se  rencontrent,  se  milangent  avec  des  reactions  chimiques  dans  cette  zone  de  melange.  Cette 
configuration  correspond  par  exemple  &  un  dcouletnent  de  g*<.  bruldscSiauds(A)renconttant  des  gaz  frais  prdcarburds  (B).  Une  zone 
de  combustion  s'dtale  apris  le  point  de  rencontre  de  ees  dear  jets.  Cette  configuration  correspond  dgalcment  h  une  flnmme  de  diffu¬ 
sion  reprise  tuce  pur  un  jet  de  combustible  (A)  renconttant  un  jet  d'air  (B),  Ce  problime  est  traitf  par  R,  BORGHi  dans  la  communi¬ 
cation  :*Etude  thdorique  de  Involution  risiduelle  des  produits  polluants  dans  les  jets  de  turbuoricteuri,  les  dquations  de  conset* 
vatioa  et  lea  mdthodes  de  rioolut  on  sont  donnees  (131.  On  peut  de  cette  mamere  avoir  involution  des  produits  polluants  le  long  d'une 
ligne  de.  courant  ;  cette  dvolur^a  dtant  rigie  par  inquation  or.  continuity  He  l'espice  J  : 

dans  iaquelle  or.  admec  que  les  gradients  transversaux  de  composition  sort  les  plus  importants,  oh  ^  est  le  coefficient  global  de 
diffusion  et  comprend  done  les  coefficients  de  diffusion  mcldcuiaire  et  de  diffusion  turbulente.  On  peut  de  cette  msniite  connaftte 
en  chaque  point  ( X  ,  rj.)  de  I'espace  involution  des  espices  NO,  CO  e*  des  hydrocarbures  imbrulds.  La  figure  7  est  uii  exempie  de 
rdsultats  obtenus  par  cette  schdmatisation. 


x/l{ 


Fig.  6  •  Model*  bidimensionnel. 


Fig.  7  •  /orietion  de  la  formation 

!d*s  tspices  CO  ,  CO,  NO, 
hydioeorbures  ’HC)  Icvt  t 
long  du  foyer  {4|. 


b)  ecoulement  A  deux  phases 

Dans  la  plupart  des  foyets  lc  combustible  est  injeetd  sous  forme  de  fines  gouttelettes,  il  est  done  important  de  ccnnaitrr  les 
rdpercussions  qu'  enrtainent,  sur  le  »aux  de  production  des  polluants,  la  ptiscncc  dans  le  foyer  dr  gouttes  en  combustion. 

•  Formation  du  NO  4  I'dchel'.e  dc  la  goutte  : 

Cette  goutte  est  done  considdrde  comroe  une  source  de  NO  dont  le  dfbit  est  function  du  diamltre  de  In  goutte,  de  la  nature  de  la 
goutte,  dc  la  pression,  dc  la  tea.pyrature  ct  dc  !*  composition  du  gaz  entouram  le  goutte.  La  ddtermination  dc  la  concentration  du  NO 
auteur  dc  la  goutte  et  de  1«  quantity  de  NO  produite  peut  se  faire  de  diverses  maniires. 

*  On  utilise  une  Intone  quasi  stationneire  pour  dual  vet  autout  de  ia goutte  lc  champ  de  ttnapitaturcs  ct  la  distribution  des  espicc: 
les  plus  importantes  comme  N^,  Oj  ..vlr  cunc-c. ration  tiesespdees  ftaut  fvalufc  en  tenant  comptc  dr.s  phdnomenes  de  diffusion. 
Cette  analyse  est  justifide  par  le  fait  q.,>:  le  rayon  de  la  flamme  est  connu  avtc  une  ccrtaine  :rr, precision.  Williams  signale  en  patli- 
culier  que  In  convectioti  naturelle  a  pout  ctfet  dc  tapprochet  la  flamme  de  U  gou'te  et  la  valeur  donnde  par  la  thbor.c  qui  nc  tient  pas 
comptc  dcs  phdnomines  de  convection  est  en  gdndral  ttop  iicvtc  ;  dans  de  noml-ex-t  •  as,  le  rapport  entre  le  rayon  de  laOnmme  don- 
ni  par  ia  thdorie  et  celui  de  ('experience  est  de  l'otdrc  de  deux  de  s  *e  qae  le  fat,  <!w  tonsiufr--  le  rapport  %((*)  !  (*)  comoc 


mmmm 
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constant  (  4^  cant  1c  tayon  de  la  goutte)  e  t  une  hypothbse  valable,  cette  -taleur  etant  d'ailicurs  currigde  par  I'expdrience,  On  sup¬ 
pose  fgatement  quo  le  profi!  des  tempfratures  et  des  concentrations  exprime  en  fonction  de't.  /  est  indipendau  du  temps.  11 
existe  done  une  combs  unique  que  l'on  utilise  pour  donner  1'  evolution  de  la  temperature  et  des  concentrations.  Ces  protils  sont 
donnds  en  figure  3.  Dansce  caicut,  I'dpaisscur  de  i*  zone  de  flaimne  est  supposec  petite  pat  rapport  *u  rnyca  de  la  goutte  (combus¬ 
tion  concentre)  1141. 


Fig.  8  •  Variation  de  la  temperature  de  fa  L 
l raction  manique  de  N  ,  Jt  et  0  A 
d  pa’tir  dt  la  sat  fate  de  fa  goutte  y 
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A  partir  de  ces  courbes,  on  cvlcule  pout  chaque  .ayun  4  la  temperature  ;  !a  concentration  en  oxygine  atomique  et  azote  ato- 
mique  est  calcul  :e  cn  considd.'aM  1'equilibre  de  avec  O  et  Nj  acec  N. 

Devant  tontes  ces  hypotheses,  il  est  normal  de  negliger  la  diffusion  de  NO.  Si  on  admer  par  excmple  une  cindcique  de  formati  i 
de  NO  du  type  : 

0  *  ^  MO  +  * 

*; 

lf*0,£. T  NO  +  O 


J  chaque  rayon  4.  la  fraction  de  NO  est  donnde  par  1'equation 

(19)  A,  w  =«.  )V a  _  i>  y*.  )+(&.  v- \l 

rfrt  itam  le  debit  de  combustible  issu  de  la  goutte  et  K,  et  (<*  !es  constantes  d'equilibre  de  formation  de  O  et  N  A  partir  de  (>2 
et  Nj. 

Dans  le  cas  d'un  combustible  ne  comcnant  pas  d'oxyginc,  la  formation  de  NO  commence  a  l’extericur  de  la  flamme,  passe  par 
un  maximum  puis  ddetoit,  il  n‘y  a  pas  de  lormatior  de  NO  entte  lagouttc  et  la  flamme  qui  est  une  zone  tris  tiche.  Par  contre  si 
le  combustible  contient  de  I'oxygine,  la  formation  de  NO  peut  commenccr  plus  pres  de  la  goutte. 

On  peu;,  corome  le  (ait  KE5TEN  (15),  tenir  compte  de  la  diffusion  et  utilise:  ('equation  de  continuity  en  instationnaire  : 

(20)  its?  *  iL  ?&* „  i.  ®  4s  '  j 

*e  *  HU%*  44  4*l9' V  )*  >,¥ 

et  integtet  cette  equation  dans  le  ch  rap  de  tempdrature  et  de  composition  prcvfdcmment  dbfini,  On  obtient  cn  fonction  dc 't  /  4^ 
Involution  deVjvo  qui  est  reptdsentee  sut  la  figure  9/chique  courbe  cortespondant  3  des  instants  de  combustion  diffdrents.  II  sVgit 
de  goutte  i'dthnnol  btular.t  it  la  pression  atmaspheriquc.  Une  etude  pararadtrique  montre  que  la  masse  dt*  NO  produite  ram«.n6e  i  la 
masse  de  combustible  1*  attest  trds  sensible  au  diaraitre  de  It  goutte.  On  obtient  de .  .  Jatio.is  dc  la  forme  : 

(21)  .fflO**** 

J>  ftant  le  d'amb'  de  la  goutte  exp.imb  en  milltmisres  (goutte  d'bthanol,  p  -  1  atm,),  f^est  tris  sensible  &  la  pression,  peu 
sensible  1  jusqu'i  dcs  temperatures  de  1500°K,  Stipend  btroitcraent  du  rapport  V*e  ,  3,^  augmente  lotsque 


i 


Fig.  9  -  Vor  folio.;  dt  fa  frocr/on  anssiqut  dt  NO 
fattens  dt-fa  goutte  6  difjtttr.is  Jntiontf 
dt  SC  coxbujlion  (tf  -  > 
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*  Un  deuxrime  moddle  repose  sur  1‘analyse  de  la  combustion  en  rdgime  ttansitoire  tojjours  ave,.  1'hypothSse  d'unc  combustion 
concent  rfe.  En  prensnt  le  domain^  snu£  4  I'extcricur  de  la  flamme  (  4j  <  4  <  ('integration  en  transitoi.c  de  1’fquation  de  consct* 
vaticn  de  t'dnetgie  et  de  In  cbncir.uite  des  espcces  (Oj  en  partisulier)  conduit  auz  expressions  : 


(22) 


T"T-  *  t‘(t*-t-.)  *r{t(isT‘J 
v-v^  v  Mi&)) 


Le  rayon  dc  la  flammc  4gcst  dttertmne  par  l'Cquation  de  continuite  globalc  ct  la  condition  de  stocsliiometne.  Cc  calcul  a  etc 
deveioppe  par  SPALDING  4  la  reference  [161  donnant  revolution  de  en  fcnction  du  temps  pendant  la  combustion  de  la  goutte. 
Dans  le  cas  d'un  nombre  de  Lewis  cgal  4  l'uuite,  ladiffusivirc  therniiquc,  i  cst  egalc  au  coefficient  de  diffusion  $  • 

A  partir  des  equations  precedentes  et  cn  supposant  que  ii1#  ,  SAWYERS  [Ml  a  calculc  la  formation  dc  NO  autour  de  la 

goutte  en  combustion  cn  consider jnt  uniquemerr.  la  premiirc  equation  chimiquc  dc  production  de  NG  pripondetante  dans  le  sens 
direct  de  sorte  que  : 

LO.V-  <*•*• 


(23) 


1  ii.i*  [yZ  ^ 
*  IT  i 


11  esc  certain  qu'une  theoric  complete  dc  combustion  de  la  goutte  poutrait  ctre  emteprise  cn  tenant  comptc  dc  1'fcoulcmcnt 
exterr.c  ct  en  mettant  en  jcu  une  cinetique  chimique  plus  complete  qui  ttendrait  comptc  de  la  formation  de  tous  les  polfuants  gazeux 
(NO,  CO  et  hydrocatburcs  imbrules), 

•  Production  du  NO  par  un  ensemble  dc  gourtes  •  _ 

Pour  determiner  le  laux  de  production  de  polluants  oar  un  ensemble  de  gouttes,  il  importc  rout  d'abord  dc  coniaftre  (‘evolution 
de  la  foection  de  distribution  des  gouttes  dans  ie  foyer,  Cette  fonction  de  disrribaron  est  donnfc  par  une  equation  du  type  Boltzmann 
qui  tient  comptc  de  1*6  -tson  du  dianitre  des  gouttes  due  4  la  combustion,  dc  la  position  des  gouttes  ct  du  c  hamp  de  vttesses  rela- 
ti*cs  des  gouttes,  des  collisions  et  des  phenomincs  de  coalescence  <m  de  pulverisation  sccondaire  des  gouttes.  Il  fast  egalesrcnt 
tenir  comptc,  dans  l'<quatioa  de  continuite  de  1‘espice  considdree,  de  ccux  ternes  de  production  .  It  terme  dc  production  en  phase 
gaxeuse  cel  -,a'il  a  etc  Cent  plus  na-it  at  le  tcrim.  dc  production  en  tonsiddram  chaquc  classc  dc  goutte  de  rocme  diamdtre  cornrne 
source  de  I’espdce  considered.  Or.  peat  de  cette  rmnidtc  calculer  la  fraction  tntssique  Y  ( at  ,  t )  de  I'cspecc  j.  considcree  4 
chaquc  instant  fc  ct  pour  une  position  X  choisie.  ■ 

»  Formation  «  evolution  des  particules  dc  catSooc 

Dans  ce  paragraph e  se  rappurtant  a  des  ecoulemccts  4  deux  phases,  il  nous  parai:  important  de  dorncr  qu-.lques  indications 
sur  les  coddles  utilises  telatifs  a  la  formation  ct  a  i'cvelutton  des  particules  de  carbone  dans  un  foyer. 

II  existc  tris  pen  de  noddles  qui  pcroettcm  de  prddirc  la  foimation  du  <.srbonc  dans  les  fisnuncs  l  X  1 1 17 1,  le  dernier  stade 
chinuquc  prdeesam  sa  formation  ctar.t  1'acdtvldne.  On  conoait  pinto:  les  conditions  qui  rddoisent  ccttc  formal, on,  a  savoir  la  rich  esse 
qui  doit  ctre  loealeceut  au-dersous  d'un  cer.ain  niveau,  cc  niveau  dtant  fonciion  dc  ia  gressioo  et  dc  la  temperature  loca'c.  11  est 
certain  qa*4  1'dcheltc  dc  la  goutte,  ou  I'on  rencontre  routes  les  richcsscs,  la  formation  dc  carbone  cst  posstbie  ,  on  peut  cependan*. 
moctrct  que  cette  prodciuer.  ndeesstte  un  certain  temps  critique  c»  si  le  temps  dc  sejour  dans  la  zone  nchc  en  combustion  entourant 
la  goutte  cst  lafiticur  4  ce  temps  critique,  la  formation  dc  carbone  n'est  pas  pissible,  d'oii  I'intcret  d'imroduirc  vers  le  foyer  des 
gouttes  de  petit  diamdtre  ou  raemc  de  combustible  pre vaporise  qa'il  faut  mdlanger  le  plus  raoidement  possible  avec  1‘air  tneiangeurs 
iitaes  er>  amont  da  foyer).  Cette  formation  dc  carbone  peut  ctre  due  cga’iennnt  au  contact  de  goeptes  combustibles  avee  des  patois 
ehaudes. 

Il  cst  ensurte  tres  difficile  dc  brulct  cc-  particules  de  carbone  foresees  dans  la  zone  primatre,  combustion  qui  pourtait  avoir  lieu 
dan*  la  zone  sccondaire  ou  la  zone  dc  dilution.  Bien  que  dc  faiblcs  dimensions  (quclqucs  ccmidmes  4  quelqucs  dixicmes  dc  micron; 
ecs  part.culcs  Jc  carbone  s'evgreat  ttds  diftrcilcs  4  brulcr.  Les  .noddles  utilises  pour  etudter  cent  vombustion  som  analogues  4  ccux 
mis  au  point  pour  1‘drade  de  la  combustion  des  gouttes  dans  les  layers  [181,  Les  lois  devolution  du  rayon  4.  s»nt  dc  la  forme  . 

(24;  t*Tb9-*'Wt 

04  ^^est  la  ptcssion  pa.tiellc  d'oxygdnc  eniootant  ia  patticulc  l IS].  Les  lots  proposers  doivent  tenir  comp-.c  des  pjidnoraeaes  dc 
diffusion  et  des  |d«dj,etrf  nev  chiraiqucs,  la  loi  prcccdcntc  mcriars  i’acces  sur  les  phcnouicncs  chimiqucs,  BRYANT  I  Ul  -  propose 
uncloi  dc  la  forme  : 


d'l 


K,4 


(25)  *k 

ajourar,:  au  processus  chimiqrrc  par  l'intcrnfdtairc  de  un  processus  dc  diffusion  dependant  du  rayon  4  dc  la  panuule. 

Quoi  qu’ii  cn  suit,  par  cuuc  da  temps  de  sejour  dans  le  foyer  du  tutborb.ctect,  cst  trds  difficile  de  brulcr  ces  pax  tunics,  il 
est  plor  sur  pout  dsemuet  .a  pollution  due  aux  particules  dc  carbone  d'organiscr  la  comhastion  dc  nnnietc  i.  empeebet  !eu:  formation. 
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2,2,  Foyc.-e  de  rdchaaffc 

L*  figure  IB  ft prdseste  I’organistfion  dp  }.\  cojibussioc  dans  an  cel  foyer  e;  1‘dtutie  it  la  pollution  sc  fait  avsc  lea  moddlts 
prdsencds.au  paragtaphe  2,1, 

•  La  rone  de  recirculation  pout  etre  scbefciutisdv  par  an  reacceur  hoaogdne  ct  pent,  dtrc  considdrfe  cotnrac  use  source  de  g»? 

field j. 

•  La  rone  dr.  jut  at  la  zone  d'interpdndrration  ont  ItC  d»udides  au  paragraphs  Z, i,2-a  ,  ie  coddle  cotrcoposd  i  celui  de  la  figure  6  oe 
l'dcouleaten:  A  est.qonstiruc  par  les  g„z  bivlds  et  1‘dctstbmtm  b  par  an  feoulecent  de  ga2  prdtsrburds.  £n  servant  une  fignc  dc  cou- 
rant  it  esc  possible  de  catculer  les  variations  de  concefitracion.  n  HO,  CO  e*.  hydtccetbure-  itabrQlds. 

•  _n  zerie  de  combustion  homogdne  pets  sere  assrailee  t  un  rdnccecc  cubulalre  os  a  unc  succession  de  cdacteurs  hoBOgencs. 

A  la  sortie  d-  la  rose  d'interpd-i^trstion  dee  jets  de  flatsjc,  les  conct'mtatior.s  en  HO,  CO  el  *r  hydrocartures  imbt&i&>  variunr, 
tuivant  use  period*  qui  correspond  K  la  gdoedtere  de  1‘accroehe  flimme  3‘une  siaaierc  analogue  ruts  variations  de  t  ear  pf  rat  ere  don- 
ndes  sur  la  figure  IQ.  La  production  jlobale  A  la  sortie  du  rdacrcur  esc  unetntctrriicQ  de  routes  ecu,  fluctuerions,  t!  faut  renir  tornptc 
dcs  rdacrions  secondaires  du  jet  du  rcacrcur  avc.  1‘air  eatdrieur  aiosi  que  des  variations  dc  tempdratur.'  et  le  eoacenttrrroo  i  la  sor¬ 
tie  de  la  tuydrell3l- 
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Fig,  10  -  Profit*  des  rerepe-cftteS  *r>  different**  factions  du  foyer  prist*  o  penir  at s  staii!i:atturs  pour  deux 
configurations  de  foyer  1271-  T  -  200*  C,  vitesse  u  -  70  ms"’. 

3.  ETUDE  CRITIQUE  DE  CES  MODfeLES 

3,1,  Evaluation  do  taut  de  production  '  r 

3.1,3  Ciadtique  chiniqae  de  formation  : 

Les  schdmas  retenus  soar  fonctrons  de  la  nature  d;  s  espQces,  Esarsinor.s  ehacun  d’eur  pour  les  espcccs  considdrdes. 

a)  Cindtiquc  dc  formation  de  NO 

Les  rdacrions  dldmcttlaircs  retrooes  sem  : 

•^1 


o  +  n2 

NO  i-  N 

X 

N  +  0, 

NO  +  O 

K  r  OH 

+$■ 

NO  f  Ji 

mtnanr  ca  evidence  I’ttrpomnce  des  irois  tadicaux  0,  N  ct  OH  el  corrcspondaia  au  mdcorisma  de  formation  dc  NO  propose  Fat 
ZELDOVTTCH.  A  ce  sysrdme  on  adjoint  les  douations  sui canes  relative-  a  NjQ 

O 

°  +  n,o  »r.H,-o,  0 


o  ♦-  N,0  NO  +  NO 

2  « 
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on  ajotae  parfois  Its  deux  iterations : 

it 

NdO  +  M^fNO  +  M 
*+ 


N. 


M  jouaiil  !e  role  dc  dilaant. 


+  0  +•  «ip?N,0  +  «J 

~~A*  '• 

+9 


© 

© 


Cei  reactions  sot:  sensiblement  classics  per  ordte  (Timportaaccj  tec  fixations  fairant  intervenir  1'espiee  NOj  soar  ea  ginfral 
r.fgligfes,  Pout  determiner  an  systeme  sicplifii  dormant  la  production  deMO  on  utilise  en  ginircl  trot?  (450ns  de  procider.  • 

l»On  suppose  qu’l  (’exception  de  NO,  tomes  lesautrcc  espices  entrant  dans  la  production  de  NO  sont  i  I'iquilibre.  Cette  hypo* 
these  est  nssez  bien  virifiie  dans  certains  cars  comae  t'iodiqve  !a  figure  11  ;  exception  iaite  pour  N,  la  fraction  cioiaire  dcs  aatres 
espices  ne  varic  pas  au  cotta  du  temps.  Pan  an:  des  Equations  chitslques(T),(2)  et  le  taux  de  production  de  NC  s’icrit : 

®>  K,  »*..  ['AC..*  8] 

a. ^c‘  ♦*,<**  n , c," c\  .  t,  c;  c„* .  c.' C cj 

Lei  concentratiot*  C^,  C^,  Cm,  et  Cn  etant  fvaluies  i  I'iquilibre  et  y  a£#  4  la  tempiraturc  T 


cborsie, 

Dans  le  cas  d'un  riacreur  homogine  parfaitesent  mflangi  en  introduisan:  la  variable  de  composition  «  23 
is  production  de  NO  s'icrit :  &  <f 

e-*(vtJ/(**  '*/<*)  . 


4- .  S'. 


(2?) 


i 


Fig.  11  -  Variation  it  Ur  composition  en  foortioo  da  romps 
pear  line  tt  moiratvrt  d'entria  dans  It  foyar  da 

1000'K  1211. 


eat  la  sotntac  des  inverses  des  trois  temps  cfctmitpjes  ottanee  relative  coadrtionne  la  production 

de  NO,  le  temps  de  sijour  dans  le  riacieur  iitnitc  fjalersent  ce'te  production,  on  a  dc*rc  intirct  it  avoir  dcs  noyaux  dc  recirculation 
dc  foible  volume  poor  ditainscr  la  production  de  NO,  ce  volume  doit  ceper.dact  ette  crepatiblc  a/ec  u.ie  bonne  stabilisation  de  la 
fiamme  et  une  efficaciti  dc  combustion  elevie.  Lotsqae  Attest  petit  devant  I’uniti  :  ct  dans  I’ausre  cas  extreme 

A<*M  :  g^tend  vers  a«  valear  litrite  :  B  /fA*  ^iMe  *c  rSlo  dn  para  metre  dr  DAMRHOLLER  comparant  le  temps  micaniqae 
temps  chimique  A'5 1  Dans  le  cas  d'an  riarteur  tcbalaire  en  I’absence  dc  di'; fusion  : 

128)  ^  £*>  *  ® 

a  yarn  pour  solution  : 

{29)  *  £X  (*  **  £  ^  ) 


8/5A  . 


2a  line  dec*iime  matiicre  de  si  rap! :  Tier  !e  calcui  da  taux  dc  production  coasise  i  chaisir  les  riactions  pripondirantes  et  & 
catisidf'er  <  -factions  i  I’fquiiibrs  :  adraettons  que  I’equanon  foumissiat  I'oiygiae  stomi'pje  ess  a  i'iquilibre 


O  +  0  4-  M  O,  +  M 

*3  2 

«f  /CA  k-CtJ.  <,/<'  . 


© 


(50) 
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On  suppose  igalement  que  la  rdaction  prdponrtfrante  est  U  rdsetidh  (T)  dans  !e  sens  direct  dc  sorts  que  !e  taux  dc  production 
cscdgai  1 120' : 

v,  «,.(*./& 

\il)  ** 


r"* 


.'.arson  t  intervenir  l'azotc  et  l'oxygine  molccuiairc. 

Cette  expression  a  ct6  airiliorie  par  P,j4  41ARTENEY(21|en  suppo  ant  ,que  NO  et  N  sont  Jonnds  pat  ies  fquattons  ehimiques^T) 
etf2J  prises  dans  5e  sens  direct  oe.  sorts  que 

U- 


02} 


Dans  lc  cas  d'un  rcactcur  tubulairc  et  en  supposant  dcs  concentrations  nultcs  au  temps  t •  O 


(33) 


c #0»*/3fc  «•¥<-«*>) 

Cette  relation  cst  ascen  bien  vcrifiie  dans  It-  cas  dcs  flaomes  ptopane-oxyg£ne(22L 

3  ■  line  troisticie  f.ijon  de  faire  cst  de  supposer  que  le  taux  de  production  de  certainrs  espiccs  cst  nu!,la  concentration  ne  variant 
pas  au  cours  du  tempt.  Pattons  des  Equations  cbimiquesQ^.^T^.Qj.^T).^?),^^  ,^7)ct(8^).  Supposons  que  Ies  espHcs  O,  Oj, 
Ha  OH  ct  N2  sont  a  1'dquilibre,  les  taux  de  production  de  NO,  N,  N-,0  supposes  hors  d'fquilibre  s’dcrivent : 

(34)  ^tr#*^**  £-**9  ’Sr'*’ *8*%**?}.)  *■  Ri  *  \(Qt*  *  *l)  * 

v 

[♦  X„0  (Rt+R,*fi*)  *  R,  -  *»(*•**  *  *i**W»j] 

[*x«w  -  x*&'(*k-+*c  *•*<  +■*•)  7  *x  ^ ] 

R,  correspond  au  premier  membra  ou  au  dcuxie.me  membra  dc  I'dquaiiou  relative  a  i’dquUtbrc  Rt  •  -*t  ^  *«  <1* *>* 

ct  h9hW  <  En  ad  nett  am  que  c  on  deux  relations  dormant  X*  et  ^j#cn  Unction  dc  de  sorte  que, 

en  posant 

R|  Afc+ft,  +  R  £•)  „  Kt .  Rf/CRt  ♦  ^  *■ *,), 

+  *•**) 

\o3  C*  *  *l  **>)/{ *■+  k<-) 

II  en  rcsultc  que  : 

(36)  . 

Cette  relation  cst  ia  plus  etiiisec  dans  !cs  modilcs  doanar.;  !a  production  dc  NO  1 23!  (241  (11)18!  ct  sont  fonctions  dc  la 
temperature  et  de  U  rtchcssc,  (cur  valour  cst  infcrictire  i  I 'unit  d  cn  particular  dans  le  cas.  dcs  melanges  riches,  les  valcurs  dc  4C,  et 
R^sont  tres  nettement  infericutes  £  Punitc- 

Dans  la  acne  primaire  d'un  foyer  de  turfcoriactcur  pour  laquclle  la  concentration  en  ^O  cst  faiblc  <Ct )  it  j»  X 

R|*  a  R»*  W  4#  t  itl  iq~*  pour  V  «  2500°K,  "P  =  10  bars,  rickcssc  <f>  =  I  ;  on  eoasteic  que  Ry 

est  petit  Jcvaet  R^  tl  Rj  et  K*  0,6.  11  cn  rcsultc  qae  ^/(kl^l^csi  lc  termc  predominant,  Ic  mccanisrtri  de  formation  dc  NO 
ddpend  suttout  dcs  equations ^T),(^ct  0.Le  mccanisme  dc  formation  de  N2O  est  important  a  bassc  temperature  ct  pour  ic*md* 
langcs  pauvtce. 


Dans  ic  cas  d'un  rcactcur  tubulairc,  1'vvoiution  dc  NO  en  fonction  du  temps  cst  dor.ncc  pat : 

Q7)  tlN;  £  -i  -  y*s  +  b  i  ~  . 

dt  *  K4 

Et.  negiigeant  le  termc  rclatif  a  N^O  la  sclution  dc  cettc  -equation  dilfctcntiellc  s’dcrit  : 


(33) 
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qui  cs.  a  rapprochcr  de  la  valent  definie  ac  premier  paragtaphc; 


2T7-S3 


La  figure  12  donne  les  variations  de  3£^en  fonction  de  Afcet  pour  diffircntes  valeurs  dt  /^.  Lorsque  l*on  change  pour  une 
valour  donnec  dc  X*  ,  les  diffcttntex  valours  de  Kj  mqdifient  At  mats  ccs  mod. f'cat  ions  sum  indipcndantes  de  #C1(  et  ne  de¬ 
pendent  que  dc  I. “inUuer.ce  deK4  est  foible,  -Pour  la  rone  de  combustion  secondaite  d’un 

melange  air-kdrosene  (*p  =  3  bars)  la  figure  13  donne  les  variations  de  A  et  de  f^c-n function  do  la  rithet.se  <f  poc:  d;u*  'umpira- 
turi-s  d'entree  dc  Pair  600  et  9G0*K  [251. 


Fig.  12  •  Variation  de  xuQ  en  inaction  de  At  pour 
dilfirtmis  valours  de  K ,  '251 


*P  riclwise 


Fig.  13  •  Vctiouon  de  A  et  en  fonction  de  la  richesse. 


No ss  ver.ons  de  voir  trots  mithodes  pour  simplifier  le  tatix  de  product  ionchimique.  La  premiere  consiste  a  evatuer  le  taux  dc 
production  de  I'espicc  choisic  et  k  supposcr,  ce  qui  est  seiisiblemem  verific  dons  le  car.  du  NO  que  tonics  les  autres  expects  son; 

4  i'cquilibre,L«  deuxiime  consist:  4  simpt.-ier  au  ma-imum  le  systime  des reactions  chimtqucs  peur  nc  garder  quo  les  reactions  prin- 
cipalcs  et  k  supposcr  les  autres  reactions  a  l'dqutlibre.  La  troisieme,  la  plus  rationnelle,  consiste  a  iertte  qu'unc  partie  des  cspeces 
sont  hors  d'equilibre,  qu'unc  autre  partie  a  un  raux  dc  production  nul  et  que  les  cspeces.  restantes  sort  k  i'equilibre.  A  propos  ae  ces 
differences  methodes,  il  est  important  de  fa; re  les  remarques  suivantes  : 

« 

laLc  calcul  de  la  composition  i  1'fquilibrc  repose  sur  un  systcroc  pufaitemenr  determine  qui  pour  if  substances  de  ^elements 
comportefiquatior.s  dc  conservation  des  cspicts  ot  Jt-C  equations  d  iquilihre  qui  sont  formces  a  pattir  «Tua  systeme  de  base  en 
dehors  de  toutc  consideration  chimique, 

Le  calcu:  de  la  composition  hors  d'equilibre  repose  sut  les  lois  de  la  tinftique  chimique  oui  o’imposcn.  pas  !c  norabre  dc  reactions 
chimiqucs,  la  matnee  des  coefficients  stoerhionct  iques  entrant  dans  les  reactions  ch.miques  prrmet  dc  r.'cn  rendre  comptc,  des 
reactions  cH'miqucs  peuvent  '.re  obtem.es  par  cambtnaisou  de  plusicurs  autres  mais  cllcs  nc  peuvent  clrc  climinces  pat  suite  des 
valour-  diffiretues  dcs  v*tcss  s  specifiques  dc  reaction,  opris  reduction  cctic  matrtcc  des  coefficients  stoccluomctriqucs  est  de 
ran sJf-tn  Lorsque  Ton  util';*-  les  iqua.ions  dc  l'equilib'e  les  equations  obicnucs  en  annulan:  le  taux  de  production  et  iqs  Equations 
dc  la  clnftiquc  chimique,  il  faui  bier.  , -rendre  soin  de  construirc  un  systdne  coherent  et  de  ne  pas  utiliscr  sous  unc  forme  difference  deux 
fois  la  mcme  equation. 


2 ■  Let;  simplifications  du  systime  chimique  en  ccojlcmcnt  relax 6  sor.t  utiles  mais  il  faut  les  fairc  avee  Ic  plus  grand  soin  et 
dans  certains  cas,  un  systime  d'unc  ocriture  plus  complcxc  n'offre  pas  pour  cela  plus,  dc  difficultis  a  la  resolution, 

b)  Croftiquc  dc’ formation  du  CO 

Dans  la  zone  prircatre  dc  combustion,  le  CO  est  suttou:  forme  pat  un  processus  d'exydation  du  combustible  ct  correspond  done 
a  un  processus  dc  combustion  que  1'on  peut  teprisentcr  par  le  systime  d'equations  : 


Cnll2n  +  n02  sUf  nCO  +  nHjO 
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OH  +  M 
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faisan:  appel  -i  trois  types  de  reactions  : 

•  une  oxydarion  paitiellc  de  I'bydrocatbure  uO) 

-  une  rdacrion  limitar.t  la  dust  ruction  du  COQn 

•  une  sdrie  de  reactions  ptoduisant  dcs  radicaux  libres  no  contenaci  pas  de  catbone  (T2)  ■  (20)  • 

Dans  la  zone  secondaire,  la  production  de  COert  due  pnncipalcmen:  S  la  rdaction  (7j)  ,  iarfacrion  : 

CO  +  HO,  — ■»  C02  +  0I1 

est  dgalemcnt  possible  mats  par  suite  du  niveau  de  temperature  rcnconr.e,  la  concent. alloy  de  HO-,  est  negligcablc  ccmpare  i  OH. 
be  ;xux  de  production  de  CO  est  done  donn£-  par  : 


C*  C«  Ca*  *  c“  Cto<)  • 


Dans  le  cas  d'un  rdactcur  tubulaire  en  remarquant  que  :  £«•  +  Qa,  * 


cc.«C*<C/“At 

A.  * Cg* 


Dans  les  conditions  rencontrdes  dans  la  zone  de  combustion  secondaire  les  temps  d'oxydation  du  CO  sont  courts  par  rapport  au 
temps  de  sdjour ,  pour  des  pressions  comprises  entre  1-5  bars  et  pour  des  temperatures  d'enttfe  de  l'air  comprises  entte  600  et 
1000°K,  CO  est  convert!  en  COj  en  un  temps  de  1'ordre  de  la  milliseconde  .  (  a  S’,*  10* 

3,1.2.  Taux  de  production  en  icoulement  turbulent 

Dans  un  milieu  turbulent,  le  taux  de  production  est  evalut  cn  tenant  comptc  des  concentrations  moyennes  et,  en  general,  la 
contribution  due  aux  fluctuations  de  concentrations  est  negligee.  ■ 

Si  nous  catactfrisons  la  concentration  par  savalcur  moyenne  et  la  fluctuation  dc  sorte  que  (j«<y  *C^  ,  pour  une 
reaction  du  deuxiime  ordre  du  type :  .  41  _ 

A+B  -*  C  +  3> 

le  taux  de  production  moyrn  est  dgaL'pour  1’cspice  C  par  excmplc  h  :  _ 

(4i)  <  v/c  >  -  ^  [(€  t *■')( c*-)J 

Exuminons  le  cas  oO,  par  suite  du  melange,  les  fluctuitions  de  cempirature  sunt  ncgligcabics,  l'cquation  price  der.te  devient  . 

<«>  <w.>*  «,  *  ('*■  * 

““  <c;cv>/c,f,  . 

Le  terme  rclnt'f  a  lo  moyenne  dcs  produits  des  fluctuations  des  cooccniratinc'.  est  cn  general  negligi.  Cependant,  dans  ^va¬ 
luation  du  taux  dc  production,  le  coefficient  de  correlation  dcs  concentrations  prut  cue  positif,  negatif  et  memc  approeber  la 
valeur  -1,  ce  qui  -onduit  a  un  taux  de  production  moyi  n  nul  bicn  que  les  reactants  sotent  en  moyenne  cn  concentration  non  nullc  ;  la 
turbulence  peut  en  offer  cue  telle  qu'un  point  dc  I’cspace  voit  altcrnxtivemen.  I’cspbce  A  puis  1’espice  B,  cc  qui  conduit  & 

C^el  satisfont  i  l’cquation  du  biian,  cn  tnuhipliant  l’cquation  de  CA  prr  C*  ,  ccllc  de  par  CA  et  ce  additiotinanl  terme 

A  terme  on  obtient  l’cquation  du  biian  du  pioduit  en  passsnt  aux  fluctuations 

(43v  k <c* c* > *  p*v*<c*c‘*>  -  K 

d/dt  cortespondant  i  la  dirivee  d’EuIer,  J^cst  1c  coefficient  de  diffusion  moiccuiaire,  est  un  coefficient  de  diffusion  tur- 
bulcntc  ’.cl  que  : 

(44)  <«r'c;(>*-^7*$  ,  <?'c;>3~%7.£  # 

La  risolution  de  cette  Equation  a  £t<  cffectuee  dans  le  cas  ou  on  neglige  les  triples  correlations  et  en  tenant  comptc  dcs  equa¬ 
tions  du  biian  pour  et  <  a  voit  apparaitte  trois  temps  caractfristiquca,  ‘?iv  rclatil  A  la  diffusion  moiccuiaire, 

cortespondant  A  la  diffusion  turbulente  ei  un  temps  caractfristique  dc  la  reaction  cnimique.  La  comparaison  de  ccs  trois  temps 
petntet  dc  df." nir  certains  types  d’ccoalec  cnt  : 


3r5sS 


iMwratv 


r>r-ts 

•Lorsquc  la  diffusion  turbulence  eat  !e  phdnomine  prdponderant,  1c  produit  ^C^C^est  positif  si  A  cl  B  sent  iwtodutts  prtmdio.’'.5ds 
dans  la  tunic  de  reaction  et  ndgatif  lorsqa'ils  sont  imroduits  sdpardment.  L'effet  de  diffusion  turbulemc  sc  traduii  pa;  ua  accroisse- 
meat  de  la  valeiir  abrolue  de  <^>* 

•Ldrsque  la  reaction  chimiquc  est  le  phenomine  prdponddrant  ^C^C^tend  vets  une  valeur  liraitc  qui  depend  des  vaicurs  initiates 
des  ptodtms  de  fluctuations  des  concentrations  <JC^ ^  ^ . 

•Lorsquc  la  diffusion  moleculaire  est  Id  phdr.omene  prdpoiiddtant,  «*<£>  of  croft  et  tend  vets  zero,  dans  ce  cas  1‘  hyporldr~  d'un 
;aux  de  produqion  cdculd  a  partir  des  valeuts  moyenres  e. «  justifidc. 

II  est  done  important,  dan*  le  calcul  du  taux  de  production  chimiquc,  de  ter.it  compte  du  produit  ^C^cJ^qui,  suivant  la  struc* 
t'tte  dt  l’dcoulement  peut  ette  ndgatif  ou  positif,  ie  signe  ddpendant  des  conditions  d'injection  atnsi  que  de  i'importance  relative  des 
phdnom?nes  de  diffusion  stoldculairo  et  turbulcnte  et  de  ia  cindtiquc  chimiquc  turbulente  (fig.  14), 

Le  caicul  du  faux  dc  production  en  dcoulement  turbulent  est  discutd  aux  references  1 2),  (261. 


Fig.  14  -  Evolution  do  <C\  C‘a  >  /*  long  d'un*  lignt  do  eouront  pour  unt  in/aef’en  premffongaa  of  sipetin. 


A,2.  -Aspect  physique  du  mdlange  en  milieu  turbulent 

v  ' 

Une  description  compldtc  des  ccoulcmcncs  turbulents  n'est  pas  accucllcment  possible,  il  esc  done  nccessairc  cn  t'abscnce  dc 
thdoric  satistaisantc  dc  construirc  dcs  moddies  plus  ou  meins  simplifies.  Une  amelioration  sensible  dc  l'analysc  pcdscn.ee  au  para¬ 
graph  2  peut  ette  obtecuc  cn  utilisant  les  rr.odcles  reprdsentam  les  ccoulc  rents  turbulents  avee  melange  ct  rdactions  chimiqucsl27, 281. 

Pat  suite  de  la  rariaticn  de  la  masse  molaire  tout  ie  long  du  foyct^il  esc  utile  commc  le  fai*  FAVRE  129!  de  rc.r.placcr  les 
moyer..ics  temporclles  definics  au  paragraphe  precedent  pat  dcs  moyenacs  massiques.  ■ 

Avec  Ics  psrcmfttcs  vitesse  et  fraction  massique  on  obtiem  par  cxcmpic  : 


(45) 

1  <xv> 

*F*  -  * 

ct 

(46) 

y  <iP. 

La  coaiparaison  des 

*  S. 

moyennes  massiques 

(47) 

an  lieu  dc  : 


tT-a  V  +  V* 


i'hypothisc  )£*  sujposc  done  que  /  5  <<  4  • 

Les  flux  telatifs  aux  transfects  turbulents  de  masse,  dc  quanlitd  dc  mo1  ement  ct  d’fncrgic  sont  rcprdscntds  par  ics  greupements  : 

pour  ietransfert  dc  masse, pour  le  transfer  dc  quanted  dc  rcouvement  cr  pour  !c  transferr 

d‘iacrgic.  Pout  facilitet  la  rd^olution  d«  systdme  d'eqaations  rraduisa.it  ic  bilan  dc  masse,  la  forme  donnet  plus  haut  est  prcfcrcc  A 
.  II  est  possible,  par  analogic  avre  I'dcoalcment  iaminairc,  d'iniroduirc  des  coefficients  dc  dansfert  turbulent  3^, 
JU  .  ‘els  quo  : 

MB  3,. -<(!»/>••  >/r"S  ,  j l  J 

ninsi  que  les  nombres  adfoensionnels  dc  Pramjtl  3**  ,  Schmidt  ^  ct  Lewis Ltt 

Suivant  i'hypoihis-  de  DONALDSON  130J  ,  la  moycr.ne  du  produit  dcs  gradients  ics  fluctuations  dc  conccntrstton  est  rcmplaccc 


pat: 

(49) 

ou  th  ck  une  longueur  taraetdristique  telle  qcc 


<y;  *;> 


'•i. 


R*. 


on  Jea  1‘epaisseur  de  melange.  Lc  ciwHkico:  dc  viscosut  turbulcntc determine  pat  la  lot  de  Ptandtl  ou  des  modiles  plus 
complexes  : 

<r*/jf/  ,  9,'AA  -  V'"./A 
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l'otdre  dc  grandeur  des  constanrea  ect  !e  suivant  :  C.  =  1,5,  =  0,7,  T?|  tst  dr  l'ord'e  sc  %  . 

Dc  nombtcux  chctchcurs  f  .IS t  '.ii  !  533  1 1  54]  oiu  applique  ce  modelc  introduisant  i'cn.igie  cinetique  tutbutente  pout  dectirc  la 
combustion  turbulence  dans  leu  foyers  ci  dc  cc  fail  ces  modilts  pcuvcnt  Kre  egalcmetn  utilises  pout  piedirt  lx  prod  union  des  ^spices 
poiluantes.  It  cst  ccrtair.emcnt  t.op  <6:  pout  rcpandre  dt  leaf  valcut  e:  des  confronts. ions  a\e.  "experience  sont  encore  n<kejs*irC5. 
On  dispose  cn  patticultct  dc  pc- a  dc  dopnecs  sur  1‘intensitc  da  la  tuibulence  dans  Its  foyers  el  dec  mesures  de  cette  intenstte  *ont 
nccessaircs  poi.j  alter  plus  loin.  Lcs  mod'tcs  presemes  sont  utilises  cn  fait  sobs  ieur  forme  incompressible  ct  lcs  Equations  tenant 
compte  d'cnc  faqon  rigoireiise  de  la  variation  dc  t  sont  tris  complexes.  .  . 

Dans  Inequation  du  btlnn  da  I'cnirgtc  cmctiquc  turbu.cnte  il  aerait  cgaleraert  important  de  pouvoir  assurer  qu‘il  n'y  a  pas 
dc  couplage  entre  \  ct  l’fncrgic  libc-rce  par  la  reaction  cltimiquc. 

Dans  ce  court  patagraphe,  nous  avens  toulu  soulignct  lcs  ameliorations  (jut  1'or.  pouvait  auendrt  J'unc  representation  pins  t£a- 
hste  du  caux  dc  production  chimiquc  an  ccouletncni  turbulent  ct  du  procc-ssus  de  melange  turbulent  pour  ptedite  >a  formation  dcscs- 
Bcces  poiluantes,  Ccs  ameliorations  nc  vottt  pas  sans  unc  grande  cox.plexite,  e'est  pourquot  les  modiles  simplifies  presentfs  au 
paraglaphe  2  seront  encore  utilises  dsns  la  plupatt  des  cas. 


4.  OPTIMISATION  DU  WER  EN  VIJE  DE  LA  PRODUCTION  MINIMALE  DE  POLLUANTS  135] 

Dans  one  representation  de  f-yers  i  pa.tit  dc  riacteurs  patfaitcmcr.t  melanges  et  dc  readouts  tubulaires,  ta  recherche  de  la 
strategic  optimalc  pout  proJuite  lc  meins  d'e.syeecs  poiluantes  t.o  rclotiir-mcn  stmpl-  c  prnhlcmc  peat  fire  rcsolu  cn  utiiisant  Jcs 
techniques  classiques  d' optimisation  comrnc  lcs  mfthodes  Jc  tirogtammarior.  Jinaniquc,  lc  principc  du  max. mum  ou  diverse*  versions 
des  methodcs  du  gradient. 

Pout  tcsoudte  cc  probliae  J'cxttcmum  nous  allons  utilizer  tu  I'algotithmc  ac  KATZ'361  1371  bten  adapt  c  a  *inc  sene  de  r£acrcors 
parfauemem  melanges.  Dans  sa  gcncraliu  un  foyer  peui  cite  teptesente  pat  unc  succession  dc  readmits  comme  indique  sut  !«  figure 
15.  Ptcnons  N  react  curs  ct  caractertsons  chaquc  satiable  dc  composition  par  3t^ ,  lc  rerCrc  place  cn  exposant  caractctisanl  lc  renc- 
teur,  pour  lc  rdacieu,  n  la  composition  cst  3CV",  ii  entre  dans  cc  rcacteur  pout  1'cspicc  ^,JL  ct  i!  sort  J  variant  dc  1  4  L. 

Chaquc  react  cut  cs>  cnractetisc  par  le  temps  dc  se)oui  ct  la  temporal  urc  T  putsqucooustonsidcionsunescrirdcd£adc3fspar- 
faitcmcw  roclungcs.  Dans  chacun  ics  readouts  pcuvcnt  entrer  cgalcmcnr  des  cspiccs  M.  cl  sortir  lcs  cspcce*  nc  vient  pas 

d’an  rcact'ut  place  cn  amon:  ct  'V'nc  penc.ee  pas  dans  lc  rca-.tcui  place  cn  aval.  Des  circuits  dc  re.irculation  peuvent  ctre  cgalc- 
stent  prCvus  sur  certains  dc  ccs  rcacicers. 


Fig.  15*  Pepteseniornv  jrfie’vwtiqwe  en  voe  dt  /’op'ieiijofion  d’oo  foyer  a  eomiuarion  Hcget. 
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Dans  ce  cas  precis,  it  s'agit  dc  choisir  le  temps  de  sijour  Si  de  chacun  des  riacteurs  de  raaniife  a  obtenir  A  !a  fin  dcs  N 


tfiariwrs  unc  c spice  partictrliire  (par  exeaple  TJO)  ayant  une  concentration  tninimale  (  minima!}.  Cet  extremum  petit  etre 
.ccherchi  en  injf.osant  des  contraimcs  comme  la  temperature  de  fin  de  riaction  T  limitde  a  unc  ecrtaine  valeur,  ou  en  tmposant,  po«> 
cettaines  espices,  un  niveau  d'eff.caciti  de  to -\sfor  motion  (vfficacitd  de  combustion).  Pour  Srmirer  ce  problem!  nous  aliens  considirer 
deux  types  d'espiecs,  1‘cspcrc  repdrde  pat  J'ind'  t  1  qui  tradutt  devolution  de  la  conbustion,  le  taux  de  produeticn,  calculi  i  partir 
d'une  tieule  riaction  cbtfflique  du  type  H  +  O  **»  P. 

Dans  le  cas  du  riseteur  homogene  d'ordre  3  nous  ->b:enon*>  tn  regime  permanent  : 

o’  «T* 


-  -a.cctfrise  done  le  degri  d'avancement  it  la  riact  on  de  combustion.  Pour  ehaque  reacteur.  [‘equation  de  continuiti  et  l'cqua- 
tior.  !e  consent atior,  de  l'ieergic,  fait  apoeraftre  une  relati.  i  fioeaire  entre  T  ct  le  Jegri  d'atanccmcnt  dc  la  reaction  de  combustion 
X*,  de  sorte  que  l'equation  priced ente  de  rient  :  >. 

»  *r  *£*£*«  -’T***” 


avec  n  =  1,  2,....  N  et  ft  ,  valeur  initu.e  2  1  entric  de  premier  reacteur.  L’espece  polluante  a  pout  composition  dans  cha- 

cun  des  reacirurs  3^  e»  le  taux  de  production  de  cotte  (.spice  est  une  function  d'une  valeur  locale  du  degri  d'avancement  de  la 
reaction  5t(  et  dc  la  tempiraiurc  TA  de  sorte  que,  d'une  maciire  genirale,  la  concentration  dc  despite polluante  est  rigic  dans 
cfcaquv  '•factcur  par  : 

(53)  *  **  +A 

•X  ^  '  ' 

"sque  t  et  ^  ‘sont  des  functions  ce  acf*"  . 


A  pattr  du  systin>  rpresentc  par  les  equations  (52,  et  (53)  il  faut  done  determine,  les  temps  de  sijour  respectifs  de  manierc  i 
cc  que  'ICf  sol:  minimum. 

ft  «.  %•«  ■*.*  ft 

Exprimons  tout  d'abord  et  3t^  en  fonction  de  *  ,  et  bA 

,M  (*r .  p.  -c«r,  *rj 

**(  v* **  a  cj*  V*'-  ,  c  ),cj  • 


Maus  Introduisons  i  ce  stede  un  nouvel  ensemble  de  variables  ^  tel  que  : 


**  r 
«*  *  4* 

fc  4.4. 


hn  partem  du  systitae  (54)  nous  obtenons  : 
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Les  "on»  cux  conditions  inttialcs  et  les  ,  done  i 

Hn  diff  rrentiant  "iquatioc  (52)  par  rapport  a  2^"nous  obtenons  : 

DX."  /  ,  ft  *  \ 


*. »  A 

Si"  \ 


dc  r-orcT  que  : 


5^"'  *<" 


La  premiere  equation  de  (56)  devient  : 

tiM  -  tg  /of*,*) 

4  =  -i  +  cc*4V«^r; 


Les  divers  temps  do  sejour  k.  sont  determines  par  la  coedition  tendant  I'Hamiltonicn  H  minimum  : 


H  *»  4*  \  ^  )  c'cs!-i-Jirc  :  /  3C"  *  ©  . 

aai  *  *  v  Hi  *  ^ 


Dans  le  cassrsite,  I'HamHtoriien  devient  : 


h'.  .  tf-.jfs.v :C)] 
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Hn  diffetentiant  ^'equation  (52)  on  obtient  [‘expression  de  t-t  en  porianr  cent  expression  dans  (62)  le  temps  dr  sf  jour 

optiaal,  f*  t  s'ecrit : 

»■»  sC C  V  s'. 

“!1  4  *  cirTrsr 

„  ?  dtx."  a  *x? 

L’ilioination  de  tk  entre  Ob')  et  (63)  determine  : 

<«.  '  c«-  a”7  ?~" 

d’bi)  ['expression  du  temps  dc  siicur  en  poskitl  :  R  %  tir 

i  /  <r-  -  r*" 

(65)  *  ktt'*’  /  A*? "  / 

La  relsAicp  r^enur.'.-'  doncanr  -e  degrf  d'avancemtnt  de  lo  rrtttioc  prineipatc  obtenue  &  panir  de  (52)  s’fcrit ; 

(651  <*  .  ♦  (^‘  0#«7<*<%i  dipatt  :  *r  ,  *,*  ♦  «"  /(***/*<)  J 

dans  )e  plan  ditetratrarion  de  X,  peut  se  fairc  oar  une  construction  feomitrique  simple.  • 

«u 

Et  pour  X^  nous  obtroons  t  partir  de  (53)  : 

(67)  ■  *r  .  •?  +  t'c*'-*'")#*''**'). 

be  processus  itftatif  de  resolution  esc  le  suivan:,  pour  les  N  riacteurs  donnfs  J  pamr  dc  *'-,**  f  or,  calcule  1  partir  de  I'iquatioi. 

(66)  les  3t^~  su^ctssifs,  le  choix  dc  xf*  est  convenable  si  rm  re'rouve  2avaleur  d'.entrfe  dans  Ie  systime  X*uk  ,  On  coicule  en- 
suite  les  temps  de  sejour  partir  de  (Equation  (65),  ee  qui  diicrminc  le  volume  de  cl.kcun  des  leacteais  ,  a  I’aide  de  I'iquatiou 

(67) ,  on  calcule  ensuite’l'ivol-aicn  de  1'espicc  polluante.  ’> 

La  resolution  de  ces  problimes  d'optimisation  est  ttis  utiles  pour  le  constructeur  car,  apris  avoir  decoupi  le  foyer  en  plusicuts 
sous-ersetrbles,  II  est  possible  de  determiner  la  disposition  de  cea  soar-ensembles,  leur  gfomctric  rt  leur  condition  de  fonctionn.- 
ment,  dc  maiiere  4  rialiser  an  comprorais  entre  plusieurs  contraintes  .  longueur  du  foyer,  .empirature  de  Cn  de  comoustion,  rcfroitlis- 
sement  des  pruois,. pertes  de  charges,  limire  dc  stability,  ptessioc  liciite  de  fonctionnement,  pollution.  Ces  problimes  d'optmissiion 
orn  line  nortie  plus  generxle  que  (’etude  de  le  pollution  minimale. 


5,  CONCLUSION 

Nous  allons.  pour  cottclare  teprendre  un  certain  nombre  de  points  qui  nous  paraisssnt  important?,. 

•  P'ictsonr  tout  d'aoord  que  nous  nvons  eolomairement  liotte  notre  expose  a  la  scute  question  relative  4  I'ilaboraticn  des  mc-dilcs. 
Nous  n’avons  pas  chcrchi  i  exploiter  cette  schimatisation  afic  d'en  t!2duite  due  conclusions  sur  les  performances  des  foyers  ies 
meins  poiiuants,  ou  sur  la  conceptica  de  tels  foyers,  Cette  pattic  est  abordee  dans  d'autres  mirneirrs  prisentis  4  cc  meeting. 

•  Le  fair  it  schimatiser  ie  foyer  par  un  assemblage  it-  .-careers  nous  parair  uec  solutinn  simple  aais  rialiste,  de  tels  modilex  sent 
utiles  aux  consiracteuw  pour  direrminrt  les  narcmetn-s  qui  ont  une  action  pripoadi.ante  dans  la  production  des  espices  polluuntcs, 
Lear  £tude  peut  fgaleoeot  les  guider  dans  la  conceptio  j  de  ncuvesuc.  foyers  moins  poiiuants,  Ces  modiles  peavent  etre  amfliorf s  cn 
tenfint  coapie  des  temps  ngeessaire s  au  melange  turbulent  et  aax  reactions  chtfiques.  - 

•  Les  modiles  du  type  SPALDING  basis  s%.r  ia  propagation  de  fiegjees  sorbulentes  sonr  dgatemem  iris  imiressants  mais  il  est  neecs- 
siire  de  pouvoir  ivaluer  plus  ccrreetement  k  taux  de  prciuction  cnimique  tl'une  parr  e:  de  tepristn.fr  avee  pi  us  de  rigue  j  le  niecogc 
turbulecr  d’aotre  pan.  II  semble  tourefois  que  les  etudes  de  melanges  turbulcnts  sans  combustion  peavent  ctrc  utrlisecs  lo-squc  ie 
milieu  est  le  siege  de  reactions  ehiniqaes.  II  faut  cepcndant  qa  114  plus  grand  ruwbre  d'cxpertcnccs  soient  ellcctuics  pour  confirmer 
cette  Hypothisc. 

•  Nous  o'iroos  pts  par'.c  du  pea  d<  precision  aeec  iaqaelle  sent  coanucs  .es  vitesscs  spicifioues  de  tiacticn,  i!  n'est  pa-  sur  ps- 
exempte  qwe  :es  valeurs  de  lr  dfte.mtnies  au  rube  4  choc  soient  utilisablcsdsn;  i’Oudc  des  foyer?,  il  scran  soubaitable  qoe  cri 
vltesres  spicifiques  sot  cot  ditermicies  dans  des  conditions  aussi  voisincs  am  possible  ee  cellcs  tenn  ntties  dens  Ics  foyers. 

•  La  reptesensacot.  da  foyer  pat  on  ensemble  de  .iacuuts  estficor.de  iorsque  1'os  a^orde  Ins  problftmcs  d  oprimisatroa  do  feyer  ;  il 
esi  cetxata  que  la  risolution  de  ces  pcobliaes  d'extremam  corrdoi;  i  une  meiller.re  d-lDnition  da  foyer  en  r-jecrior,  nes  entire  *.  chotsi-. 
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Discussion  on  Paper  27  < 

“Sicddlisation  des  foyers  de  fcfBbriacteuren  vfie  de  l’itude  de  ia  pollution” 
presented  by  M.L;Barr£re 


N.Chigter:  The  oxides  of  nitrogen  concentrations  that  you  have  compated  for  liquid  sprays  are  based  upon  the 
model  of  an  envelope  fl3me  around  individual  droplets,  Experimental  studies  at  Sheffield  nave  shown  that  in  t 
cloud  of  droplets  no  combustion  takes  place  within  the  spray.  The  flame  front  is  located  a*  the  outer  periphery 
of  the  spray  sheath  arid  the  combustion  of  the  spray  is  similar  to  that  of  a  gaseous  turbulent  diffusion  flame. 
Within  the  cloud  of  drops  temperatures  are  too  low  and  oxygen  concentrations  arc  too  low  to  allow  combustion 
to  take  place  within  the  spray. 

!f  we  wish  to  achieve  the  controlled  temperature  change  along  the  length  of  the  combustor  as  recommended 
by  Mr  Barriire,  we  can  inject  the  liquid  spray  and  by  controlling  the  entrainment  of  the  air  into  the  spray  we  can 
obtain  an  effective  control  of  temperature  starting  with  low  temperatures  and  increasing  the  temperature  towards 
the  exit  of  the  combustor. 

M.Bsti^re:  Jc  suis  d’accotd  avec  ia  remarque  du  Dr  H.Chigier;  dans  certain  cas,  il  n’exisle  pas  do  fl  amities  de 
diffusion  autour  des  gouiies,  mais  alors,  suivant  le  processus  de  combustion  turbulente,  il  peut  exister  des  paquets 
avec  combustion  a  la  peripheric  en  proportion  stoechiomdtrique  qui  sont  une  source  de  production  de  NO.  Nous 
pensons,  ct  cels  constitue  notre  deuxieme  commentai.-c,  qu’il  faut  rdaliser  tout  ie  long  du  foyer  une  augmentation 
progressive  de  temperature  pout  rdduirc  au  maximum  la  production  de  NO. 

A.Ferri:  The  combustion  around  the  droplet  is  complex.  We  can  have  combustion  in  a  cloud  of  droplets,  then 
ihe  diffusion  scheme  does  not  work.  Turbulence  is  an  important  parameter,  and  the  scale  of  turbulence  related 
tf-  the  size  of  the  dropiet  is  a  parameter  of  combustion. 

M.Bairdre:  La  combustion  autour  des  gouttes  est  complexe  dans  un  milieu  turbulent  ct  la  position  du  front  de 
flamme  par  rapport  a  !a  surface  de  la  gouite  est  un  paramdtre  important  dans  la  production  de  NO.  Nous  avons 
voulu  dans  notre  presentation  insister  tout  particulidrement  sur  l’importance  dc  i’hdtdrrgenditd  de  Tdcoulemcnt 
dans  la  production  dr.  NO,  hdtirogd  liitti  dont  il  faut  tenir  compte  dans  le  module;  eetle  h6t£rog£n6iti  peut 
€tre  due  soil  an  prooSdd  d’injection  (gouttes,  injectipn  sdparde  de  fair  ct  du  combustible),  soit  a  la  turbulence  de 
l’dcoulemcnt  (fori  ts  t'oi>  de  paquets). 

J.B-Heywood:  High  spend  movies  (  h&ve  seen  of  spray  combustor  indicate  some  combustion  is  nonluminous, 
which:  suggests  that  there  is  some  buminfrin  tuibuicnt  eddies  where  the  fuel  is  premixed,  which  changes 
conditions  downstream. 

M.Barrire:  A  pantr  he  \  holographies  de  combustion  de  brouiiianl  cn  milieu  turbulent,  il  n’est  pas  possible 
d'affirmcr,  bien  qu'on  .  observe  des  flammes  non  lumineuses,  qu’il  n'y  a  pas  de  reactions  chimiques  exothermiques 
autour  des  gouttes  qui  produisent  du  NO.  Ce  qu’H  faut  dviter  e’est  d’avoir  des  zones  locales  en  proportion 
stcechiomettique,  ce  qui  peut  arriyer  dans  le  cas  dv  combustion  de  gouttes,  de  combustion  de  paquets  gazeux 
riches  en  combustible,  ou  de  combustion  dans  des  zones  tourbiisonriinis  d?  gaz  primflanges. 
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A.QnitK'v^rf:  Des  meutes  sur I’iniission  desoxydes.  d'azote  oat  dtd  faltes  £  i*dchappe»ierii  d’une  turbine  i  gaz 
Division  du  Groupe  SNECMA  -  dont  la  chambre  de  combustion  ret  de  technologic  classique  et 
cdmjpqrte  dc»  i^ecieuis  mixtes gsz-fuel.  Dans  les  cm  de  fonctionnement  au  gaz  seal,  I'indicc  d’droission  ret  infdrieur, 
d.06lui i  pV  'T'<  au  fuel  se^,  mals  seulement  de  20  a  30  %.  Ces  rdsuitats  confirmed,  scion  nous,  que  les  processus  de 
combustioa  sic  doivent  pas  dire  fondamentalement  difftrents  dans  les  deux  css. 

JLe  Jnodile  de  foimaiion  proposfi  par  1'auteur  dans  le  cas  de  i'injectiqn  iiquide.  fondisur  Pexistencc  autopr  de 
chaqiie  gbutte  d’un  fronfde  flamns  de  diffusion,  ne  nous  sembje  pas  pouvoir repr&senter  valablement  la  rfalitd. 

jvi.Bsrrdi«'  On  constate  d^i  que  le  parsage  d’un  combustible  llquide  A  un  combustible  gazeox  rdduit  la  proportion 
Acs  oxydes  d’azote.  La  faibie jiduction  ob^ryde  peut  etre  due  a  ia  numi&re  a’injecter  le  combustible  gazsux;  en 
milieu  turbulent,  on  peut  avoir  des  pck  de  combustible  qui  bruient  tivec  une  {famine  de  diffusion  exactemcnt 

cornme  des  gouttes.  II  ft.it,  a  notre  avis.  rdaliser  im  prdmdlangc  air  -  combustible  gazeux  pour  pouvoir  rdduire 
Rotabiiment  la  production  de  NO. 
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ABSTRACT 

The  effects  of  manganese  based  additives  on. the  mass,  si20  distribution  and  chemical  composition 
of  particulate  emissions  from  gas  turbine  combustors  are  described.  Experiments  show  that  the  addi¬ 
tive,  2-aethylcyclopeutadienyl  manganese  tricarbonyl,  csn  increase  mass  emissions  if  used  excessively. 
The  additive  shifts  the  emitted  particle  site  distribution  toward  many  note  much  smaller  particles, 
thereby  reducing  Visibility  primarily  by  reducing  the  sire  of  the  emitted  particles.  X-ra>  pnoto- 
electron  spectroscopy  studies  have  determined  that  the  chemical  state  of  the  emitted  marganess  is 
manganese  monoxide.  The  health  effects  of  this  pollutant  and  the  many  small  carbon  particles  emitted 
when  the  additive  is  used  may  be  of  concern.  It  is  recoraended  that  combustor  redesign  and  collection 
techniques  be  employee  whenever  possible  to  suppress  particulate  emissions  from  aircraft  and  test 
facilities. 


I.  INTRODUCTION 

Undesirable  emissions  frea  aircraft,  automotive  and  stationary  gas  turbine  engines  are  produced 
in  the  combustion  chamber.  Generally,  neither  pollutant  compositions  nor  their  concentrations  under¬ 
go  significant  changes  during  subsequent  flow  through  the  turbine.  One  can,  therefore,  characterize 
gas  turbine  emissions  by  studying. the  combustion  chamber  exhaust.  A  model  gas  turbine  combustor  (1) 
was  used  in  the  investigations  reported  here. 


Exhaust  Smoke 

Exnaust  smoke  from  gas  turbine  combustors  consists  of  small,  graphite  like  carbon  particles. 

The  high  visibility  of  exhaust  smoke  results  from  the  fact  that  mean  particle  diameters  are. of  the 
order  of  the  wavelengths  of  visible  radiation.  The  Mie  theory  (2)  for  radiation  scattering  from 
spherical  particles  predicts  a  maximum  in  the  scattering  cross-section  near  a  particle  size  parameter, 
n  *  2nr/>.  =  3.  Electron  micrographs  of  gas  turbine  smoke  from  distillate  fuel  (3)  indicate  thBt  smoke 
particles  arc  irregularly  shaped  agglomerate.*,  with  major  dimensions  of  (1.0  p)  composed  of  approxi¬ 
mately  speherical  particles  of  0(0.01  p). 

There  are  two  competing  processes  (4)  which  determine  the  aaouns  of  smoke  in  the  exhaust:  a)  the 
formation  of  carbon  particles  in  the  fuel  rich  regions  of  the  primary  zone  and  b)  the  heterogeneous 
combustion  of  these  particles  in  the  fuel  lean  secondary  zone.  Thus,,  the  presence  of  solid  carbon  in 
the  exhaust  may  be  attributed  tc  either  of  two  factors:  the  success  of  the  formation  mechanism,  or 
the  inadequacy  of  tho  subsequent  oxidation.  The  kinetics  of  carton  particulate  formation  iJ  not  well 
understood  (5);  however,  it  is  possible  to  say  qualitatively  that  the  carbon  particles  originate  in 
fuel-rich  regions  of  the  primary  combustion  zone  due  to  the  local  nonhoaogeneity  of  tne  fuel-air 
mixture.  Whether  this  formation  process  is  dominated  by  agglomeration  of  small  particles  nucleated 
on  hydrocarbon  ions  (6,  . 7)  or  by  a  polymerisation  process  (8)  is  not  yet  cl^ar  and  is  the  subject  of 
much  current  interest.  In  a  gas  turbine  engine  the  variables  most  strongly  affecting  the  formation 
of  solid  carbon  are  operating  pressure,  fuel  composition,  fuol-aiT  ratio  and  the  detailed  fluid 
mechanics  of  the  fuel-air 'mixing  in  the  primary  zone. 

Ihe  oxidation  of  solid  carton  particles  is  also  complex;  however,  the  available  information  has 
been  applied  tc  the  particulate  burning  in  a  gas  turbine  combustor  (9-11).  These  calculations,  using 
the  burping  rate  expression  of  Nagle  and  Strickland-Const3blo,  Indicate  that  significant  oxidation  of 
carbon  particlas  occurs  in  the  ce-ccndary  zone  of  typical  aircraft  combustor,  eliminating  the  smaller 
particles  and  diminishing  the  sire  or  the  initialiv  larger  agglumera'cs. 

Kith  the  information  these  studies  provide  it  should  be  possible  to  optimize  the  combustor  temp¬ 
erature  and  composition  fields  under  tho  constraint  of  eliminating  particulate  emissions.  From 
extensive  testing  two  methods  of  controlling  exhaust  SDokc  have  evolved:  a)  combustion  chamber 
modification  and  b)  the  use  of  smoke  suppressing  fuel  additives.  The  design  approach  (12,  13)  has 
minimized  particulate  emissions  by  enhancing  oxidation  via  a  lover  overall  fuel -air  ratio  and  by  reducing 
formation  through  improved  mixing  to  provide  a  core  uniform  fuel-air  distribution  in  the  primary  zone. 

The  alternate  approach  (14,  IS),  addition  of  a  small  amount  of  metallic-organic  smoke  suppressant  to 
the  fuel,  offers  a  solution  easily  applicable  to  existing  combustors. 


Manganese-Based  Additives 

Various  additives  containing  soluble  metallic  compounds  have  been  developed  for  swjko  inhibition 
and  reduction  of  combustor  system  deposits  (1^,  17).  Additives  with  a  composition  of  -  25\  manganese 
by  weight,  e.g.  2-nethylcyclopentadienyl  mang-nese  tricarbonyl,  have  proved  to  be  the  most  effective 
smoke  suppressants  with  the  least  adverse  effects  on  long  range  engine  performance.  Iho  mechanism  by 
which  this  additive  reduces  smoke  is  currently  net  well  understood;  two  possibilities  are:  1)  surface 
catalysis  of  soot  oxidation  08r  19)  and  V,  <rhibition  of  the  agglomeration  mechanism  present  with 
pure  carton  particles  (7,  20). 
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Mangsnes  1  additives  hr.vo  been  extensively  tested  in  laboratory  combustion  chambers,  engines  and 
furnaces  to  determine  the  effects  of  the  additive  on  smoke,  performance,  and  deposition.  Engine 
tests  tsing  s  concentrated  blend  of  manganese  additive,  0.t)8t  (vol.)  which  effectively  eliminated 
visible  exhaust  smoke  tfere  -reported  by  Shayeson  (14).  Erduronos  tests  using  0.04\  {vol.)  were 
performed  to  doteraine  the  degree  of  additive  induced  deposit  buildup.  Inspection  after  fifty  hours 
of  running  exhibited  no  deposit  buildup  anywhere  in  the  engine  and  clean  combustors  essentially  free 
of  carbon  but  coated  with  a  thin,  dusty,  black  or  orange  deposit  of  manganese  oxiao.  Flight  tests 
were  perforaed  with  0.1b  (vol.)  CI-2.  It  was  recommended  that  additives  be  seriously  considered  as 
a  practical  means  of  alleviating  engine  exhaust  srf.oke. 

While  manganese-based  additives  see,  ’■*>  bo  attractive  smoke  suppressants  based  on  smoke  re¬ 
duction,  solubility,  availability,  and  fuel  system  perfornanco,  their  long  term  effect  on  the 
environment  is  a  cause  for  concern  (17,  21,  22).  It  has  not  been  clear  whethor  metal  based  additives 
actually  reduce  total  carbon  particulate  mass  eaission  or  simply  redistribute  particle  si2es  to  re¬ 
duce  their  visibility  while  forming  metal  oxides  which  arc  themselves  pollutants.  Future  utilisa¬ 
tion  mey  be  limited  by-concern  for  their  role  in  creating  pollutants  (23,  24). 

Model  Experiments 

To  determine  the  effects  of  manganese-based  additives  on  combustor  particulate  emissions,  a  andol 
combustor,  shown  schematically  in  cig.  was  used.  Jet  fuel  type  JP-d,  with  a  hydrogen  to  carbon 
mole  ratio  of  2  to  1  served  as  a  convenient  fuel.  A  commercial  manganese-based  fuel  additive,  CI-2 
(Ethyl  Corporation  Combustion  Improver  So.  2)  was  mixed  with  the  JP-4,  The  average  equivalence  ratio, 
i,  in  the  primary  combustion  tone  was  slightly  greater  than  unity  (stoichiometric)  whereas  .he  overall 
equivalence  ratio  due  to  the  dilution  air  ranged  from  0.1  to  U.3.  Soot  forma -ion  occurs  ir  locally 
rich,  $  >  1,  terbulcs  in  the  primary  rone.  Oxidation  of  thses  particles  is  apparent  from  the  visible 
continuum:  radiation  emitted  through  the  pyrex  housing-  The  temperature  field  within  the  combustor 
has  been  reported  (1).  The  exhaust  from  the  combustor  is  pased  through  a  constricting  orifice  plate 
vbich  serves  as  both  a  sampling  probe  holder  and  a  combustor  pressure  control. 
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Fig.  1.  Schematic  of  the  mode!  gas  turbine  combustion  chamber 
in  which  particulate  measurements  were  performed. 

Figure  ?  shows  the  particulate  mass  and  gas  concentration  sampling  systcr  comprised  of:  1)  ar. 
isokinetic  sampling  probe,  2)  gaseous  analysers,  and  3)  a  particulate  filtration  assembly.  Tortuous 
path  sintered  bronre  filters  with  7  n  nominal  pores  were  initially  used  for  emitted  mass  measurements. 
Nuclepore  filters,  -  SO  u  thick,  with  a  .8  y  pore  diameter  were  used  for  electron  microscopy  end  most 
mass  measurements.  E.periacntal  details  are  reported  elsewhere  (25,  26). 
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Fig,  2.  Sampling  system  used  to  obtain  particulate  mass  and  gas  concentration 
measurements  along  the  axis  of  the  cosbustor  shewn  in  Fig.  1. 
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II.  PARTICULATE  EMISSIONS 


Mass  Measurwsents 

The  emissions  index,  defrned  as  the  grass  of  species  per  kilogram  of  fuel,  describes  the 
eaitted  particulate  mass.  The  values  obtained  are  lower  than  those  reported  (27,  28)  for  typical 
turbojet  end  turbofan  engines  which  range  frea  2-14  (gs/fcgn  of  fuel).  There  are  two  reasons  for 
this  difference:  1)  typical  engine  chasber  pressures  are  frea  five  to  ten-fold  those  used  here, 
and  2)  the  so  del  cosh  us  tor  geosotiy  produces  a  resident  time  that  is  longer  then  typical  in  an 
aircraft  engine,  hence  carbon  oxidation  is  enhanced. 

Experi cental  emission  indices  as  a  function  of  the  nondimensior.al  position  along  the  caabustor 
axis  are  presented  in  Fig.  .1.  The  orifice  plate  defining  tj.c  conbustor  exit  plane  is  located  at  4,6 
corimstor  diameters  fros  the  fuel  inlet  nettle  as  indicated  by  the  light  dashed  Uni'.  The  additive 
data  points  are  indicated  by  solid  triangles  and  the  JP-4  data  points  are  given  by  the  solid  circles. 
The  solid  and  dashed  lines  arc  the  best  fits  to  the  additive  and  pure  JP-4  results  along  the  c cab us tor 
axis.  For  these  operating  conditions,  there  is  an  increase  in  the  emissions  index  for  the  runs  with 
the  additive  blend. 


AXJAL  SAMPLING  PCSfTlON  ,  x/D 

Fig.  3.  Sample  particulate  onission  index  (gn/kgs  of  fuel)  with  snd  without  CJ-2  as  a  function 
of  ncndiBensional  axial  probe  position,  x/D,  where  x  is  the  distance  fros  the  fuel 
injector  and  D  =>  7.6  cc  is  the  combustor  diameter.  The  chasber  pressure  is  2.7  atm. 


It  was  noted  that  the  additive  pr<  \  ted  buildup  of  carfccn  deposits  in  the  combustor.  Examina¬ 
tion  after  ten  test  hours  using  JP-4  showed  heavy  carbon  deposition,  while  after  2C  test  hours  using 
the  additive  blend  no  deposition  was  apparent.  It  was  suspected  that  the  increase  was  therefore  due 
to  inhibition  of  carbon  deposition  within  tjie  combustor.  Similar  manganese  additives  are  used  in 
stationary  power  plants  as  deposition  inhibitors  (29),  It  is  curioo3  that  2-aethylcyclopentadicnyl 
nanganese  tricarbonyl  increases  mass  eaissiuns  at  concentrations  which  were  reported  to  have  eliminated 
snoke.  These  observations  can  be  consistent  only  if  the  additive  significantly  alters  the  site  dis¬ 
tribution  of  the  emitted  particles. 


Size  Distributions 

To  study  the  ccchaniss  by  which  additives  reduce  exhaust  visibility,  it  is  useful  to  measure  the 
size  of  the  eaitted  particles.  Optical  techniques  are  available  (30)  which  permit  accurate  size 
distribution  determination  provided  the  function  form  of  the  distribution  and  the  refractive  index  of 
the  particles  are  known  a  priori.  One  aim  of  the  experiments  described  here  yas  to  determine  whether 
the  particle  size  distriFutlon  eaitted  by  a  model  conbustor  could  be  presented  by  a  power  law  such  as 

n(r)  *  cr’b  (1) 

where  uN  *  n(r) dr  is  the  nusber  of  particles  per  unit  volute  with  radii  in  the  range  r  to  r  *  dr; 
b  and  c  are  constants. 

This  distribution  was  obtained  experimentally  by  Junge  (31),  and  theoT*tic3ily  by  Friedlander  (32), 
for  a  steady  state  atmospheric  aerosol  where  b  ~  1.  The  emissions  from  a  confcustor  cannot  be  considered 
well-aged;  however,  if  the  dcaiv-ant  physical  process  occurring  in  the  aerosol  i3  coagulation,  the  power 
law  given  by  Eq.  fi)  Is  approxinatoly  applicable  (33)  with  b  "  2  over  the  range  of  particle  sizes  signi¬ 
ficant  to  radiation  scattering-  The  two  wschanisiis  which  effect  the  particle  size  distribution  ir,  a 
combustor  exhaust  are  surface  oxidation  arid  coagulation.  Since  the  rate  of  oxidation  is  proportional  to 
the  surface  area,  oxidation  preferentially  eliminates  th*»  smaller  pxrticles.  Thus,  if  oxidation  and  coagu¬ 
lation  occur  simultaneously,  the  expect  id  value  of  the  power  law  exponent  would  be  b  <  2. 

In  these  sxparinents  the  twnganojc-bassd  fuel  additive  was  sized  with  jet  fuel  type  JP4  at  the  con¬ 
centrations  shown  in  Table  l.  Electron  sicrographs  of  the  collected  particles  were  taken  at  several 
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Summary  of  Particle  Size  Data  and  Combustor  Operating  Conditions 
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Fig.  4,  Electron  micrograph  at  a  magnifica¬ 
tion  •■*f  -  2000  of  particles  sampled  at 
the  cotbustor  exit  plane  for  JP-4  plus 
0,06  \  (vt.'l.l  C«-2.  The  while  dots  are 
pores  of  diameter  li.S  i:  in  the  Nuclepore 
filter.  The  black  areas  are  large  parti¬ 
cles,  and  the  gray  ri^gs  arc  artifacts  of 
the  rcpl  i ’  -echniquc. 


"is.  5.  Blectron  micrograph  at  a  magnification 
of  -  40,000  of  particles  sampled  at  the 
combusto)  exit  plane  for  .)?-4  plus  0.061 
(vol.)  O -2.  Pores  have  a  diijacter  of 
P.S  p.  Average  particle  sire  is  approxj - 
cately  0.03  n.  Apparent  concentration  in 
Ui*~  pores  is  due  to  the  optical  effect  of 
looking  doxn  a  long  pip.'. 
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magnifications.  Shadowed  silicon  monoxide  replicas  of  .8  v  Nuclepore  filters  were  used  to  minimise 
itmpl.emanipulntion.  Figures  4  and  5  show  typical  electron  micrographs  at  -  2000  j.id  ~  40,000 
apparent  magnification.  The  particles  ih  siailar  photographs  were  sized  and  counted  using  a  pro¬ 
jected  area  equivalent  radius  as  s  measure  of  particle  size.  The  constants  b  and  c  in  Table  I  are 
least  square  fits  of  Eq.  (1)  to  data  obtained  at  tho  conditions  listed.  The  maximum  in  b  at  low- 
additive  concentration  is  consistent  with  a  minimum  observed  in  mass  emissions  at  a  similar  con¬ 
centration  (17).  The  unusual  units  of  c,  cm3  •$>*!,  were  chosen  for  convenient  integration  of  Eq.  (1) 
over  size  range  to  Obtain  total  number  or  mass  concentration.  Since  the  correlation  coefficients 
listed  ape  acceptable,  o  power  law  is  adequate  to  approximately  describe  the  particle  size  distribu¬ 
tion.  Due  to  the  snail. data  base,  tho  values  listed  aro  only  indicative  of  the  appropriate  order  of 
magnitude  of  the  constants  in  Eq.  (1).  More  data  are  required  to  quantify  these  results.  Photographic 
counting  is  also  clearJy  biased  toward  psrr^cles  which  impact  on  the  surface  rather  than  diffuse  to  the 
pore  walls.  Calculations  based  eft  Spurny's  approximations  (34)  for  the  number  of  impacted  and  trapped 
particles  at  these  sampling  conditions  show  that  particles  below  ,0S  v  in  radius  are  underestimated  by 
this  technioue.  Accounting  for  this  effect  increases  b  for  both  JP4  and  JP4  +  CIS,  but  does  r.ot  alter 
the  comparison. 


Fig.  6.  The  size  distribution  of  particles  Fig.  7.  Mean  size  distrioutior.  of  emitted  particles 

emitted  from  a  combustor  burning  using- JPS  with  the  manganese  additive,  CI2, 

pure  TP4.  Note  the  relatively  large  at:  x,  0.001SV;  A,  0.01%;  o,  0.015V;  +,  0.05% 

number  of  particles  with  r  2  1  |i.  by  vol.  Note  the  relatively  large  number  of 

The  distribution  is  _  particles  with  r  «  .1  u.  The  distribution  is 

n(r)  -  2.7-x  103  r-.3 6  ca-3  y-1.  r.(r)  »  6.6  x  102  r~1.15  cm-3  n'l. 


Figure  6  gives  the  emitted  particle  size  distribution  obtained  using  pure  JP4  fuel.  Figure  7  shows 
the  size  distribution  data  obtained  using  the  manganese  additive.  The  distributions  at  each  operating 
condition  show  good  agreement  with  a  power  law.  The  purpose  of  coefcining  these  data  is  to  permit  easy 
comparison  with  the  size  distribution  obtained  without  the  additive.  The  increase  of  the  power  law 
exponent  when  CI2  is  added  to  JP4  indicates  that  the.  net  effect  of  the  manganer.c-based  additive  is  to 
redistribute  the  mass  emitted  to  stall  particle  sizes  where  it  is  no  longer  visible.  The  mechanisms  by 
which  tho  additive  alters  the  size  distribution  are  still  not  clcaT.  The  increase  in  b  upon  manganese 
addition  however  implies  that  deposition  or  agglomeration  inhibition  occurs  in. addition  tc  eny  oxidation 
catalysis  since  simply  increasing  the  oxidation  rate  would  decrease  t.  Detailed  nea.  orosents  of  the 
evolution  of  the  size  distribution  along  the  combustor  axis  are  underway  to  determine  the  responsible 
mechanises. 


Chemical  Composition 

Other  questions  raised  by  the  observed  mass  emissions  increase  include  1.)  which  of  the  many- 
possible  manganese  oxides  exist  in  the  e.-Aaust  and  2.)  what  is  the  amount  of  manganese  emitted.  Two 
recently  developed  techniques  were  utilized  to  provide  this  information.  X-ray  photoelectrcn  spectros¬ 
copy  determined  the  manganese  oxidation  state  and  neutron  activation  techniques  gave  a  quantitative 
measure  of  the  total  manganese  in  the  exhaust  samples. 

The  method  of  photoelectron  spectroscopy  consists  in  the  measurement  of  the  kinetic  energies  of 
photoclectrons  expelled  from  a  target  irradiated  with  approximately  mono energetic  X-rays  (33) .  Since 
the  incident  photon  energy  is  known,  the  determination  cc  the  kinetic  energy  of  the  phctoelectrons 
provides  a  direct  measure  of  the  electron  binding  energy.  A  broad  range  photoelectrcn  spcctri®  from 
an  irradiated  exhaust  sample  is  shown  in  Fig.  8.  i-  is  evident  that  the  major  constituents  ore  man¬ 
ganese,  carbon  and  oxygen.  Trace  amounts  of  sulfur  aro  also  seen.  The  manganese  photoclectron  lines 
are  identified  is  Hn(2p) ,  Mn(3s)  and  Mn(3p) .  while  electron  binding  energies  are  characteristic  of  an 
descent,  their  precise  values  are  modified  by  the  valence  electron  distribution.  The  difference  in 
binding  energy  between  an  electron  on  an  atom  in  a  molecule  and  the  binding  energy  of  the  same  electron 
on  the  elemental  atom  is  known  as  the  chemical  shift.  These  shifts  aro  highly  correlated  to  the  effective 
charge  of  the  atom  in  the  molecule.  For  oxidized  species  the  electron  binding  energies  will  generally  he 
greater  than  for  the  neutral  configuration,  while  the  binding  energies  far  reduced  cacti  cal  species  will 
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?ig.  8.  X-ray  photoelectron  spectrins  of  particles  collected  on  a  Nuclepore  filter  from  JP-4  with  .251 
(vol.)  CI-2  exhaust.  Since  only  the  surface  atons  respond,  this  spectrum  is  characteristic 
of  the  particles  alone.  Large  aaounts  of  manganese,  carbon  and  oxygen  87e  indicated  with 
traces  of  nitrogen  and  sulfur. 
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Fig.  9.  X-ray  photoelectron  spectrins  similar  to  Fig,  8  over  the  range  of  interest  to  the  aanganese 
oxide  state  determination.  The  sharpness  of  both  the  3p  and  3s  peaks  indicate  the  manganese 
is  present  in  a  single  oxidation  state. 

show  a  negative  shift. 

Precise  Mn(3p)  binding  energy  values  were  determined  for  the  exhaust  particulate  samples  and  for 
the  compounds  MnO,  MngOj  and  MnOg  from  short  scans  such  as  Fig.  9.  These  values,  corrected  for  sample 
charging  using  the  Hydrocarbon  contaminant  C(ls)  binding  energy  of  285.0  oV,  are  listed  in  Table  IT. 

An  inspection  of  the  measured  binding  energies  shows  that  the  particulate  aanganese  binding  energy  is 
compatible  with  both  MnO  and  Mn2°J>  while  eliminating  MnO 2-  The  possibility  of  can  bs  eliminated 

by  examining  the  shapes  of  the  3p  photoelectron  peak.  Kr.203  is  broader  than  MnO  or  IWj,  prtfcebly 
indicating. a  caepositepeak.  This  is  ejected  since' M1V2O3  *s  essentially  a  mixed  oxide  and 

therefore  the  manganese  in  ^03  is  in  two  c.idution  states.  The  exhaust  sample  Mn(3p)  peak  is  definitely 
single.  This  evidence  suggests  that  the  manganese  is  present  as  MnO. 

Table  II 

Chemical  Shift  of  the  Hn(3p)  Electron  Binding  Energy 


Exhaust  MrO 


srgy,  (eV) 


48.9  4  0.2 


48.8  ±  0.2 


49.9  4  0.2 


It  is  however,  difficult  to  tnubi.^iouslY  assign  an  effective  charge  to  the  exhaust  manganese 
oxidefrom  a  measurement  of  the  chemical  shift  alone  since  the  binding  energies  are  so  similar. 
Therefore,  multiple!  splitting  was  (alloyed  to  confim  the  determination  of  the  oxidation  state.  . 
Multiplet  splitting  of  core  electron  binding  energies  has  been  observed  In  the  phdfbelectron  spectra 
of -transition  metal  compounds,  and  other  paramagnetic  species.  Consider,  the  example  of  a  Mn2+  ion. 
This  ion  has  fiv#  unpaired  3<j  electrons  in  the  valence  shell  which  will  interact  with  the  two  3s 
electrons- in  the  cote  of  the  same  ion..  These' two  3s  electrons  are  paired,  i.e.,  their  spins  are 
oriented  antiparallel.  In  any  atomic  or  molecular  system  with  impaired  valence  electrons,  the  3s-3d 
exchange  interaction  effects  core  electrons  differently,  depending  on  whether  they  are  oriented  spin 
up  or  spin  down.  This  so  called  core  polarization  effect,  well  known  in  the  NHR  spectroscopy,  causes 
the  2s  care  level  to  be  split  into  two  components. 


10  -  5  0 
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Fig.  10.  Cosparative  X-ray  photcelectron  spectra  for  MnF2,  exhaust  particulates,  MnO  and  near 

90  eV  electron  binding  energy  where  multiplet  splitting  of  the  3s  level  of  manganese  occurs. 
From  this  evidence  it  is  concluded  that  HnO  is  the  only  manganese  oxide  in  the  exhaust. 
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Figure  10  shows  the  aultiplot  splitting  of  the  3s  level  for  MnOj,  MnO,  the  particulate  sample, 
and  MnF2-  MnF2  is  included  since  it  is  the  Most  ionic  compound  of  divalent  manganese  and  therefore 
its  Mn2*  ion  must  exhibit  .the  largest  possible  3s  aultiplet  splitting.  The  exhaust  sample  results 
lie  between  the  3s  splitting  of  the  MnO  and  that  of  the  MnF2*  On  this  basis  alone  it  can  be  concluded 
that  the  manganese  is  in  the  2*  oxidation  state  as  MnO.  The  snail  apparent  difference  between,  the 
3s  splittings  of  the  reagent  MnO  and  the  combustion  product  could  be  caused  by  oxidation  of  the  bottled 
MnO,  or  by  different  solid  state  interactions  for  the  ions  in  the  regular  MnO  matrix  than  for  those  in 
the  extremely  small  exhaust  particles.  A  photoelectron  spectrum  froa  a  MnO  single  crystal  would  be 
useful.  The  narrowness  at  the  combustion  product  3s  peaks  again  indicates  that  *he  manganese  is 
present  in  only  one  oxidation  state. 

Similar  details  of  the  neutron  activation  analysis  have  been  reported  (36).  Exhaust  samples 
collected  on  Nuclopore  filters  were  irradiated  with  thermal  neutrons  i*.  the  reactor  at  Berkeley.  The 
cross-section  of  manganese  is  sufficiently  large,  -  1.4  x  10*23  cm2,  to  permit  eas-'  excitation  of 
ssMn  to  S6Mn  which  subsequently  decays  with  a  half  life  of  -  2.5  hrs.  By  measuring  the  intensity  of 
the  gamma  radiation  at  846  keV  emitted  when  SGMn  decays  to  ®®Fe,  the  amount  of  manganese  is  determined 
with  a  sensitivity  of  10"32  gm.  Average  results  for  several  operating  conditions  are  given  in  Table 
XII.  Total  emission  indices  were  obtained  by  weighting  the  Nuclepore  filters  with  a  sensitive  balance 
before  and  after  sample  collection. 

Table  III 

Average  Mass  of  Manganese  Emitted  as  Measured  by  Neutron  Activation  Analysis 


cl-2  %  (vol.) 

gm  Mn/kgn  fuel 

total  ga/kgn  fuel 

equivalence  ratio, $ 

chamber  pressure  (atrf.) 

0.0 

2.8xl0"3 

1.1 

.30 

2.0 

O.OOS 

3.5xl0*2 

0.6S 

.20 

2.5 

0.01 

•I.OxlO""2 

1.0 

.30 

2.S 

0.015 

S.lxlO-2 

1.3 

.20 

3.0 

0  03 

l.fixlO-1 

2.9 

.20 

2.5 

The  neutron  activation  analysis  indicates  that  approximately  all  the  manganese  added  to  the  fuel 
is  emitted.  This  lends  credence  to  the  mass  sampling  procedure  and  indicates  negligible  deposition 
of  manganese  within  the  combustor. 

Armed  with  the  amount  manganese  emitted  and  knowledge  of  the  oxide  state  as  MnO,  one  can 
calculate  the  mass  of  manganese  monoxide  emitted.  Since  the  total  mass  of  particulate  emissions 
has  been  measured,  the  mass  of  carbon  emitted  is  immediately  obtained  assuming  the  particles  contain 
only  MnO  and  carbon.  The  resulting  emission  indices  are  shown  in  Fig.  11  as  a  function  of  additive 
concentration.  Small  amounts  of  the  additive,  less  than  .01  %  (vol.),  decrease  the  emitted  mass. 

This  implies  either  agglomeration  inhibition  or  surface  oxidation  catalysis  by  manganese.  However, 
at  additive  concentrations  greater  than  .01  %  (vol.)  both  the  total  mass  and  the  mass  of  carton  emitted 
increase.  The  carton  emission  index  reaches  a  plateau  as  additive  concentration  increases  at 
-  1.7  gm/kgm  fuel  above  the  no  additive  level  for  this  combustor  at  the  operating  conditions  given  in 
Table  III. 


Fig.  11. 


Cl- 2,  %  by  volume 

The  circles  are  typical  experimental  results  for  the  total  particulate  emission  index.  The 
solid  line  is  an  average  total  particulate  EX.  The  carbonaceous  El  is  the  difference  between 
the  total  El  and  the  MnO  El.  Inc  significant  result  is  that  additive  concentrations 
>  10*2  t  C-ol.)  increase  the  mass  of  carton  emitted. 
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Using  a  similar  model  coabustor,  Starkman,  Cattaneo  and  McAllister  (37)  measured  a  carbon  deposition 
rate  within  the  chamber  of  1.56  gm/kga  of  fuel  for  kerosene  at  e  *  .25  with  a  chamber  pressure  of  2.3 
atm.  This  is  incredibily  close  to  the  observed  increase  ir.  the  carbon  emission  index  and  leads  to  the 
conclusion  that  the  prohibition  of  carton  deposition  within  the  coabustor  by  manganese  is  the  esuse  of 
the  increased  mass  emission.  This  effect  of  manganese  has  also  bten  reported  by  Shayeson  (15),  who 
observed  a  significant  transient  increase  in  emitted  carbon  when  the  additive  was  injected  into  the 
fuel  line  of  a  engine  operating  without  CI-2.  The  mechanism  by  which  manganese  effects  carbon  deposition 
is  not  yet  clear. 


III.  CONCLUDING  REMARKS 

In  smeary,  the  following  conclusions  aTe  drawn: 

1. )  A  power  law,  n(r)  =  cr'b  where  c  and  b  aTe  constants,  approximately  describes  the  measured  site 
distribution  of  particles  emitted  by  a  Model  gas  turbine  combustor. 

2. )  The  additive,  2-methylcyclopeiitadienyl  manganese  tri carbonyl  (CI-2),  alters  the  emitted  site 
distribution  to  produce  fewer  larger  particles  0(>  0.2  y)  and  many  more  small  particles  0(S  0.2  u) . 

3. )  Approximately  all  the  Manganese  added  to  the  fuel  is  emitted  with  negligible  manganese 
deposition  within  the  combustor. 

4. )  The  emitted  manganese  is  in  the  2+  oxidation  state  as  manganese  monoxide. 

5. )  The  manganese  additive  .1  titer  inhibits  carbon  particle  agglomeration  or  catalyzes  carbon 
particle  oxidation.  Furt'  -r  site  distribution  and  composition  studies  are  underway  to  determine  which 
mechanism  dominates, 

6. )  It  has  buet'  shew.-  that  th-,  manganese  additive  inhibits  carbon  deposition  within  the  combustion 
chamber. 

7. )  Under  tho  conditions  of  these  experiments,  the  manganese  additive  decreased  the  emitted  particu¬ 
late  mass  at  concentrations  less  than  .01  %  (vol.).  However  at  concentrations  greater  than  .01  %  (vol.), 
the  additive  increas'  d  the  emitted  carbonaceous  particulate  mass  substantially.  The  low  concertration 
decrease  is  consistent  with  both  agglomeration  inhibition  and  oxidation  catalysis.  The  increase  at  high 
concentration  is  due  to  carbon  deposition  inhibition  by  ute  manganese. 

The  use  of  this  additive  ha?  two  consequences  potentially  important  to  health:  a.)  manganese 
monoxide  can  be  a  significant  pollutant  at  sufficiently  high  concentrations,  and  b.)  increasing  the 
number  of  small  carbon  particles  emitted  is  deleterious  since  these  particles  serve  as  adsorption  and 
r.ucleation  sites  and  thus  promote  smog  producing  heterogeneous  reactions.  On  the  bases  of  these  con¬ 
clusions  it  is  recoimaended  that  2-nethyc>clopentadier.yl  manganese  tricaTbonyl  be  used  at 
the  lowest  possible  additive  concentrations,  0(10*3  %  by  vol.).  Combustor  and  test  facility  redesign 
are  preferable  methods  of  particulate  emission  suppression. 
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Discussion  on  tho  Paper 

SSOKE  SUPPRESSANT  ADDITIVE  EFFECTS  ON  PARTICULATE  EMISSIONS  *»»“  «»«  "n/REINE  COKSUSTOPS 

{Paper  28) 
presented  by 
Pagni 


G.  Klttredge 

With  respect  to  the  comment  that  total  carbonaceous  particulates  increase  under  these  operating 
conditions,  did  this  include  the  manganese  oxide?  Was  tho  MnO  contained  within  the  basic  particle 
struSture? 

This  paper  is  very  timely -and  much  needed. 


P.J.  Pagni 

As  shown  in  Fig.  11,  the  MnO  mass  contribution  is  included  in,  but  does  not  account  foa;  tho  observed 
increase.  The  purely  carbonaceous  fraction  cf  the  total  emissions  also  increased  substantially. 

We  cannot  now  say  with  certainty  whether  the  MnO  is  iahedded  in  the  carbon  particles  or  whether  it 
exists  as  separate  particles.  From  the  change  in  size  distribution,  however,  I  suspect  the  combined  fora 
predominates . 


J.P.  Appleton 

Do  you  think  it’s  possible  that  manganese  monoxide  can  actually  inhibit  oxidation  just  by  covering 
the  surface  oxidation  sights? 


P.J.  Pagni 

No.  Under  average  conditions  fer  our  experiments,  there  are  approximately  10  MnO  atoms  per  carbon 
particle.  -This  is  not  sufficient  to  inhibit  surface  oxidation  by  coverage. 


N.S.  Blazowski 

1. )  I  notice  that  the  combustor  pressures  are  much  lewer  than  in  an  actual  engine  and  I  further 
note  absence  of  the  specification  of  temperature.  Lower  P  and  T  seriously  compromise  the  usefulness  of 
your  results..  Could  you  comment. 

2. )  Shays  son  indicated  that  carbon  particles  {in  mg/m3)  were  decreased  with  the  use  of  CI-2  in  a 
J79  combustor  test  operated  at  the  correct  temperature  and  pressure  (SAE  Paper  67-0866) .  Would  you 
comment  on  this  disagreement  with  your  results? 


P.J.  Pagni  „ 

1. )  There  is  no  question  that  our  results  are  strictly  limited  to  the  conditions  of  the  experiment, 
i.e.  chamber  pressures  <  3  ata.  and  room  temperature  inlet  air.  However,  it  is  still  surprising  and 
significant  that  the  emissions  index  increases  when  a  smoke  suppressant  is  used.  The  quantitative  results 
will  differ  at  engine  operating  conditions,  where  the  emission  indices  are  much  higher,  however  the  same 
qualitative  picture  will  probably  emerge.  I  suspect  that  some  of  the  difficulties  encountered  in  the 
operational  use  of  the  additive  are  d'js  to  the  effects  described  here. 

2. )  No  disagreement  exists  since  Shayeson  never  measured  carbon  particles  in  mg/m 3  (See  Ref.  14). 

Two  emission  measurement  methods  w c><  used:  a)  attenuation  of  visible  light  and  b)  Densichron  Reflecto- 
aeter  readings  of  filter  samples.  'Neither  of  these  techniques  could  detect  the  mass  increase  sinco  it  is 
coupled  with  a  shift  to  smaller  particle  sizes  as  shown  in  Figs.  6  and  7. 
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SUMMARY 

Vitkin  recent  years,  development  efforts  nave  been  uijderway  at  General  Electric  iw  provide  techno¬ 
logy  for  the  design  of  turbine  engine  combustors  with  reduced  levels  of  objectionable  gaseous  emissions, 
in  addition  to  low  smoke  particulates  emissions.  As  an  important  part  ot  these  efforts,  tests  of  both 

production  and  advanced  engines  have  teen  condo _ i  to  determine  the  emissions  characteristics  of  aircraft 

turbine  engines.  The  results  of  these  engine  evaluations  are  presented.  Also  presented  are  the  -ssulie 
of  exploratory  investigations  to  define  and  develop  design  approaches  for  reducing  the  carbon  monoxide, 
unburned  hydrocarbons  and  nitrogen  oxides  emissions  levels  of  high  performance,  annular  .ombustors  -  with 
already  developed  lov  smoke  emission  characteristics.  In  these  lat.cr  investigations,  the  emissions  leve. 
reduc-ions  obtainable  through  the  use  of  advanced  primary  combustion  tone  stoichiometry  control  methods 
and  advanced  fuel  injection  techniques  were  evaluated.  In  addition,  results  are  presented  on  the  use  of 
water  injection  techniques  to  suppress  the  formation  of  ..itrogen  oxides  in  combustors.  Eased  on  the  re¬ 
sults  of  these  various  investigations,  it  is  concluded  that  future  engines  can  be  developed  with  signifi¬ 
cantly  lower  levels  of  those  gaseous  amissions  than  tho3a  of  current  engines. 


HJTKC1DUCTIGN 

** 

Within  recent  years,  the  number  of  turbine  engine -powered  aircraft  in  both  commercial  and  military 
service  has  increased  a+  an  extremely  rapid  rate.  This  rapidly  increat  ug  usage  of  turbine  engine-powered 
aircraft  has  logically  resulted  in  increased  interest  in  assessing  the  puraible  contributions  of  aircraft 
turbine  engines  to  the  anr  pollution  problems  confronting  many  metropolitan  areas  throughout  the  world. 
Several  studies,  to  evaluate  the  extent  of  any  air  pollution  resulting  from  the  operation  of  aircraft  tur¬ 
bine  engines  have  been  conducted,  as  is  discussed  In  Reference  1.  These  studies  hove  shown  that  the  over¬ 
all  contributions  of  aircraft  turbine  engines  to  the  air  pollution  problems  of  the  world  eve  quite  email., 
as  compared  to  those  of  other  types  of  contributors.  These  studies  have  also  shown  that  the  exhausts  of 
aircraft  turbine  engines  g.nerally  contain  low  concentrations  of  gaseous  and  partlciucce  emissions  con¬ 
sidered  to  be  in  the  category  of  air  pollutants.  The  typically  low  concentrations  of  objectionable  emissions 
are  due  to  the  continuous,  well  controlled  and  highly  efficient  nature  of  the  combustion  processes  in  tur¬ 
bine  engines  and  to  the  use  of  fuels  which  contain  verv  small  quantities  of  impurities. 

Nonetheless,  even  though  relatively  low  concentrations  and  total  amounts  are  generated  ir.  most  in¬ 
stances,  the  exhaust  emissions  in  the  category  of  air  pollutautG  resulting  from  the  operations  of  aircraft 
turbine  engines  are  of  possible  concern.  The  specific  aircraft  turbine  engine  exhaust  emissions  which  are 
of  possible  concern  from  an  air  pollution  standpoint  consist  of  carton  monoxide,  ^.nuurned  or  partial!; 
oxidised  hydrocarbons,  carbon  particulates  as  soot  or  smoke  nnd  oxides  of  nitrogen.  To  minimize  possible 
adverse  environmental  effects,  significant  development  efforts  have  been  and  are  being  conducted  within 
the  industry  and  government  to  provide  technology  foi  the  control  and  reduction  of  the  levels  of  these 
objectionable  exhaust  emissions.  To  date,  extensive  engine  evaluations  have  been  conducted  to  detemirc 
the  exhaust  emissions  cnaracteriatics  of  both  production  and  development  aircraft  turbine  engines.  Major 
efforts  have  also  been  conducted  to  develop  technology  for  the  design  of  engines  with  much  reduced  smoke 
emission  levels.  As  a  result  of  these  latter  efforts,  engines  with  virtually  invisible  emcke  emission 
levels  have  already  been  developed  and  been  placed  into  service.  More  recently,  efforts  have  teen  ini¬ 
tiated  to  develop  technology  for  the  design  cf  aircraft  turbine  engines  vith  reduced  carbon  monoxide, 
hydrocarbons  and  nitrogen  oxides  emissions  levels,  as  well  as  low  smoke  emission  levels. 

Development  efforts  to  provide  technology  for  the  control  ana  reduction  of  the  levels  of  the  objec¬ 
tionable  exhaust  emissions  of  aircraft  turbine  engines  have  been  In  progress  at  General  Electric  for  the 
past  several  years.  Ibis  paper  presents  a  succory  of  the  results  obtained  to  date  in  these  various  Ceneral 
Electric  investigations,  with  particular  emphasis  on  the  results  obtained  in  investigations  to  level  p 
methods  of  reducing  the  levels  of  the  objectionable. gaseous  emissions  of  non-afterburning  engines. 


EXHAUST  EMISSIONS  CHARACTERISTICS  OF  AIRCRAFT  TURBINE  ENGINES 

A  typical  Illustration  of  the  exhaust  carbon  monoxide,  hydrocarbons,  nitrogen  oxides,  snx ...  t.d 
sulfur  oxides  emissions  characteristics  of  a  noa-afterburr .  lg  aircraft  turbine  engine  is  presented  in 
Figure  1.  In  this  figure,  the  measured,  emissions  charact  .sties  of  a  large,  operational  General  Electric 
turbofan  engine  are  presented.  'Ibis  engine  is  equipped  wi...  a  low  smoke  emission  combustor.  The  emission' 
levels  shown  In  Figure  1  are  the  average  '’alaes  measured  in  tests  of  severe!  different  units  of  this  parti 
cular  uurbofan  engine.  As  is  indicated  in  this  figure.,  the  carbon  monoxide  and  hydrocarbons  emissions 
levels  of  non-afterburning,  engines  occur  mainly  at  idle  spd  other  low  engine  power  operating  conditions  ard 
ore  typically  very  low  at  higher  engine  power  settings.  Tne  peak  levels  of  the  nitrogen  oxides  emissions, 
on  ths  other  hand,  typically  occur  at  takeoff  ana  ether  high  engine  power  operating  conditions.  At  low 
engine  power  operating  conditions,  the  levels  of  the  nitrogen  cxides  emissions  ore  typically  quite  low. 

In  lie  ee.se  of  this  turbofan  engine,  the  engine  exhaust  smoke  concentrations  ar*  very  low  tt.-i  a,, 
virtually  invisible  at  all  operating  conditions,  as  is  shown  in  Fisure  1,  In  genera'.,  We  peak  smoke 


ysrtif  ...it*. 


eaission  levels  of  non-afterburning  engines  occur  at  high  power  operating  conditions.  In  the  case  of  some 
older  technology  engines,  exhausts  which  contain  visible  concentrations  of  smoke  are  produced,  particularly 
at  takeoff  operating  conditions.  Even  in  engines  with  visible  smoke  emissions,  these  emissions  represent 
extremely  small  losses  in  engine  combustion  efficiency.  While  the  peak  smoke  concentrations  in  the  exhausts 
of  engines  with  v:  .ible  smoke  emissions  *>re  low  on  an  absolute  basis,  typically  less  than  u.003  percent 
(by  weight)  of  the  core  engine  exrauat  gas,  these  concentrations  are  considerably  greater  than  those  of 
an  engine  of  equal  size  with  invisible  raoke  concentrations.  Exhaubt  gas  enoke  concentrations  of  this 
order  are  typically  equivalent  to  about  ?.  grams  per  kilogram  of  fuel,  os  compared  to  value.,  of  0.1  or  les* 
gram  per  kilogram  of  fuel  for  engines  with  invisible  smoke  emissions.  Thus,  although  not  generally  re- 
gaj’&ed  as  a  significant  health  hazard,  visible  smoke  emissions  represent  \n  objectionable  condition  because 
of  the  higher  associated  smoke  quantities  per  kilogram  of  fuel  consumed  as  well  os  the  visibility  itself. 

In  commercial  aircraft  operations,  visible  eraoke  emissions  are  of  concern  primarily  because  of  air  pollu¬ 
tion  and  related  localized  atmospheric  risibility  reduction  considerations.  In  military  aircraft  opera¬ 
tions,  visible  .coke  emissions  are,  in  addition,  of  eoacern  because  they  can  result  in  unsatisfactory 
conditions  frem  a  tactical  standpoint. 

As  is  illustrated  in  Figure  1,  the  sulfur  oxides  emissions  levels  of  aircraft  turbine  engines  are 
normally  low  at  all  operating  conditions.  These  typically  low  emissions  levels  are  a  direct  consequence 
of  the  low  sulfur  contents  of  aircraft  turbine  engine  fuels.  Also,  metal  .impound  emissions,  such  as 
metal  oxides,  ere  also  normally  very  low  at  all  engine  operating  conditions.  The  only  significant  sources 
of  this  latter  category  of  emissions  are  the  inorganic  impurities  in  the  xvzi.  Aircraft  turbine  engine 
fuels,  however,  are, generally  very  clean  and  are  free  of  such  contaminants.  Thus,  the  magnitude  of  any 
metal  compound  concentrations  in  engine  exhaust  gases  would  generally  be  expected  to  be  less  than  10  parts 
per  billion  parts  (by  v  eight)  of  col's  engine  exhaust  gas. 

At  cruise  operating  conditions,  the  levels  of  the  various  objectionable  emissions  of  non-after¬ 
burning  engines  are  normally  qj;ite  low.  Of  these  emissions,  only  the  nitrogen  oxides  emissions  are  nor¬ 
mally  generated  tc  any  significant  extent  at  cruise  operating  conditions.  For  all  engine  applications, 
with  the  possible  exception  cf  supersonic  aircraft  applications,  even  the  nitrogen  oxides  emissions  levels  of 
a  giver,  engine  at  cruise  are  significantly  lower  than  those  at  takeoff  and  cliabout  operating  conditions. 
Thus,  the  highest  levels  of  the  various  objectionable  exhaust  emissions  of  non-afterburning  engines  are 
primarily. “generated  at  engine  operating  conditions  that  occur  in  and  around  airports.  Further,  because 
large  numbers  of  aircraft  operations  -an  occur  in  cad  azoic...  a  given  airport,  the  exhaust  emissions  result¬ 
ing  from  these  many  localized  aircraft  operations  *  end  to  be  concentrate i  to  *.  me  extent.  Accordingly,  the 
primary  corcem  associated  with  these  exhaust  eaiss.oct  appears  to  be  their  possible  impacts  on  the  envi¬ 
ronments  of  major  metropolitan  'lirpoit  localities. 

At  the  present  time,  therefore,  the  prims  y  exhaust  emissions  reduction  technology  needs  of  non- 
afterburning  engines  appear  to  involve  the  elimiraf ion  of  visible  smoke  emissions,  the  reduction  of  carbon 
monoxide  and  hydroearbor.3  emissions  level*  at  idle  operating  conditions  and  the  reduction  of  nitrogen 
oxides  emissions  levels  durii: ;  takeoff  ant'  -iiatcut  o£erationr.  Reductions  in  the  levels  of  there  emissions 
at  these  specific  operating  modes  would  also  re  jenerslly  expected. to  provide  more  favorable  character¬ 
istics  at  otner  engine  operating  -ondrtione,  ln.luding  cruise  conditions.  In  any  non-afteituming  engine, 
the  source  of  these  emission;  is,  of  course,  its  main  . oabvstor.  The  attainment  of  these  more  favorable 
exhaust  emissions  characteristics  _n  future  engines,  t\  us,  primarily  involves  providing  improved  end 
modified  main  combustors  for  use  ir  these  er.gi.ies.  For  engines  wltu  afterburners,  methods  of  reducing  the 
carbon  monoxl  ie,  hydrocarbons ,  axidss  of  nitrogen  and  particulates  emissions  generated  In  ths  rc.hea„  com¬ 
bustion  system  may  also  be  required. 

The  engine  exhaust  products  of  a  x  .it  which  cruise  in  the  stratosphere  are  another  posoitle 

area  of  concern,  b*ca”.se  o;'  the  lativ-.ly  .  mixing  rates  between  the  stratosphere  ait  .be  t,roj«ca;here 

ana  the  resulting  tendencies  fer  materials  i-.  txiuced  into  the  stratosphere  to  accumulate.  The  hatreds .!- 
tion  of  nitrogen  oxides  into  the  stratospinu  ..as,  for  example,  beer,  identified  as  a  possible  area  of  c-.n- 

cern  by  scoe  investigators.  The  possible  it, bets  of  the  introduction  of  engine  exhausts  into  too  strato- 

sp'ne.e  arc  the  subject  of  v.  ry  ,-xtensI/r  ilima+ic  Impact  Assessment  Program,  cv.  rsntly  i.  ng  ..onaucted 
by  the  TJ.S.  Department  cf  Trane,  . nticir,  rti?  iajar  s-,utly,  vl .‘.ch  is  desi-iberi  in  i  Terence  is  sched¬ 
uled  to  be  completed  by  the  end  of  1'?,’*  and  i..  expected  to  result  in  a  ,!<?..  ^.nation  of  -whether  -r  not 
modi  it  ttions  may  be  needed  in  the  exhaust  '.missions  .htractcristi.es  of  img.  es  for  aircraft  which  ore  to 
opera',  •  in  the  stratosphere. 


REDUCTION  OF  SMOKE  EHDCSSICES 

In  the  initial  General  Electric  develupcent  effor'5  to  provide  engines  with  r.ra  favorable  exhaust 
emissions  cnaracterisfcs,  major  emphasis  -tas  directed  at  reducing  smoke  emission  l^veit  Thus,  an  exten¬ 
sive  number  of  investigations  was  conducted  to  develop  technology  for  the  design  of  low  .woke  eaission 
combustors.  During  the  path  several  years,  these  efforts  have  included  -.he  development  ..f  ooth  aanular 
end  can-type  combustor  designs  with  low  snoh*  emission  characteristics.  Chese  efforts  have  also  included 
the  development  of  low  smoke  emission  combust. .-s  for  a  wide  variety  of  cutir.i  applications,  including 
engines  with  high  pressure  ratios  and  engines  designed  to  operate  with  lo  •  jwti-  distillate  fuels.  A 
sun. ary  of  some  of  these  investigations  is  pre  .n'cd  in  Reference  3.  Thr?e  ixvestigaticns  have  conclusively 
shown  that  the  deJigc  of  low  smoke  emission  ccabw  tors  involves  -ooviding  both  let,.,er  fusl-air  aixtures 
and  more  effectiv.  fuel-car  nixing  in  the  primary  combustion  zone,  as  ccap-red  to  those  of  ccabustors  with 
high  smoke  eniasvon  levels.  These  investigations  hare  a emou strata d  tnst  both  of  these  provisions  are  needed 
to  eliminate  any  fuel-rich  mixtures  within  the  imary  combustion  zone  and,  therefore,  that  both  are  of 
major  importance.  Providing  the  required  leaner  fuel-air  mixtures  and  improved  mixing  in  the  primary  zone 
!3.s  been  found  in  tl.53c-  investigations  to  Involve  significant  merges  in  the  overall  design  approaches 
used  in  the  combustors  of  present  day  engines.  Also,  combustor  design  features  added  to  reduce  smoke 
eaission  levels  have  bien  found,  in  some  instances,  to  result  in  losses  in  other  aspects  of  combustor  .per¬ 
formance,  especially  ignition  performance.  Thus;  chs  design  and  definition  of  low  smoke  emission  combustors 
has  generally  'been  found  to  enteil  careful ,  iterative  devoioproent  efforts  to  provide  foe  required  low  smoke 
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emission  characteristics,  as  veil  as  to  meet  all  the  usual  ignition,  stability,  efficiency,  exit  tempera¬ 
ture  distribution,'  life  and  other  performance  requirements. 

One  of  the  major  results  of  these  smoke  reduction  technology  efforts  has  been  the  development  of 
on  advanced  annular  combustor  design  approach  in  vhich  large  amounts  of  the  combustor  rir  How  are  intro¬ 
duced  through  svirl  cups,  containing  axial  flow  svirlera,  whicn  surround  each  of  the  fuel  no  tries.  With 
this  design  approach,  lean  and  relatively  uniform  primary  zone  fuel-air  mixtures  are  obtained  within  short 
distances  downstream  of  the  fuel  nozzles,  as  a  result  of  the  large  svirl  cup  air  flows  and  the  rapid  and 
effective  fuel-air  mixing  provided  by  the  air  swirlers.  With  this  design  approach,  a  •  reduced  smoke 
levels  hav  been  obtained  without  any  significant  losses  in  ground  ignition  or  altitude  r  light  perfor¬ 
mance  capabilities  and  ni  losses  in  other  combustor  performance  eharactrristics.  A  »  if'  .iied  aescrlp- 
tion  of  this  combustor  design  approach  is  contained  in  Reference  3-  A  >  illustratic-  -  in  a?ial  swirlcr 
array  of  this  kind  and  the  smoke  emission  levels  obtained  with  this  design  approach  :n  the  01  <5-6  engine 
are  presented  in  figure  ?.  Tc  dete,  this  design  approach  has  teer.  successfully  used  Ir  the  -ocabuc-tor 
designs  of  the  TT39,  LK25C 1  and  0F6  engines  and  has  resulted  in  low  smoke  emission  combustor  designs  for 
these  large  engine  applications.  These  advanced  engines,  equipped  with  these  low  smoke  emission  combustors, 
are  already  in  service.  The  smoke  emission  levels  of  these  high  performance  engines  are  virtually  invis¬ 
ible  at  all  operati:ig  conditions. 

The  smoke  emission  levels  shewn  in  Figure  Z  are  expressed  in  tera3  of  the  SAE  ARP  1179  smoke 
lumber.  On  this  scale,  vhich  runs  from  zero  to  ICC,  low  smoke  numbers  indicate  low  smoke  particulates 
emission  levels.  Engine  tests  conducted  at  General  Electric  have  shown  that  the  visibility  threshold 
snoke  numbers  of  various  types  of  engines  range  from  about  20  to  1*0.  The  visibility  threshold  cf  any 
given  engine  is  strongly  dependent  on  its  size.  Thus,  larger  size  engines  hive  lower  snore  numbers  as 
their  visibility  thresholds  than  smaller  engines,  because  of  tne  larger  sizes  of  their  exhaust  plumes. 
Larger  size  plumes  result  in  greater  path  lengths  and,  according] v,  greater  amounts  of  light  scattering 
and  absorption  for  the  srte  smoke  concentration  in  the  exhaust  gas.  The  visibility  of  a  given  exhaust 
p':une  is  also  strongly  influenced  by  the  angle  at  which  the  plume  is  viewed.  The  sm...:e  emissions  of  a 
given  pl-ntt,  of  course,  appear  less  visible  when  the  plume  is  view  d  at  a  right  angie.  Tor  engines  in  the 
larger  size  class,  visibility  threshold  smoke  numbers  are  normally  in  the  range  of  about  20  to  30.  Engines 
in  the  Jsaller  size  class  generally  have  visibility  threshold  smoke  numbers  in  the  range  of  about  30  to 
h0.  The  core  engines  -'f  high  bypass  turbofan  engines  also  generally  have  somewhat  i.igner  threshold  smoke 
numbers  than  pure  turbojet  engines  of  a  similar  size,  because  of  the  dilution  of  the  core  engine  exhaust 
by  the  bypass  air.  Generally,  a  SAE  ARP  1179  smoke  number  of  about  20  is  at  or  below  the  smoke  number 
visibility  thresholds  of  most  aircraft  turbine  engines  -  regardless  of  engine  size  or  the  angle  at  vhich 
the  etdiaust  plume  is  viewed.  Eased  on  tests  conducted  at  General.  Electric,  a  SAE  smoke  number  of  20  has 
been  found  to  be  equivalent  to  a  snoke  concentration  of  less  than  2  parts  per  million  parts  of  core  engine 
exhaust  gas,  by  weight.  Thus,  a  smoke  number  of  this  magnitude  not  only  results  ir.  an  Invisible  exhaust 
In  nest  instances,  but  also  results  in  smoke  concentrations  by  weight  vhich  are  extremely  low. 

Additional  data  on  the  sspke  emissions  characteristics  of  various  General  Electric  engines  are 
presented  in  Figure  3.  All  of  the  engines  in  this  group  are  equipped  with  annular-type -combustors.  As 
is  shown  in  this  summary  chart,  the  peak  smoke  emission  levels  of  the  older  engines  are  generally  well 
above  the  visibility  threshold  band  and  are  strongly  affected  by  cycle  pressure  ratio  rating.  The  peak 
smoke  emission  levels  of  the  more  advanced  engines  are  generally  below  a  SAE  smoke  number  of  20  and,  there¬ 
fore,  are  below  the  nominal  threshold  of  visibility.  These  advanced  engines  encompass  a  wide  range  of 
sizes  and  cycle  pressure  ratios.  Considerable  experience  ir  eommere..al  usd  military  service  has  already 
been  obtained  with  these  advanced,  low  smoke  emission  engines.  Based  on  the  extensive  results  obtained  to 
date  with  these  engines,  it  is  concluded  that  technology  for  the  design  of  low  smoke  emission  combustors, 
which  also  fulfill  all  engine  ignition  and  other  performance  requirements,  is  reasonably  well  defincu. 

REDUCTION  0?  CARBON  XaiOXTDE  &  18IEUHNED  hTDROCARSORS  EMISSIONS 

More  recently,  investigations  have  been  initiated  at  General  Electric  to  identify  and  develop 
methods  of  reducing  the  carbon  monoxide  and  hydr-*carbons  emissions  levels  of  these  already  developed  low 
smoke  emission  combustors.  A  major  objective  of  these  emissions  reduction  development  efforts  is  to  retain 
the  already  developed  low  smoke  emission  characteristics  of  these  advanced  ccnbustors.  Major  “mpbasis  in 
tnese  developmc:.  efforts  is  being  focused  on  providing  tech./Olog/'  applicable  bj  annular-type  combustors 
for  advanced  tu-Vofar.  engines.  Summaries  of  some  of  the  results  of  these  investigations  are  presented  in 
References  b  and  5. 

Hie  carbon  monoxide  and  V^^c&rbons  emissions  are,  of  course,  product:  of  inefficient  combustion. 
As  is  illustrated  is,  cigsn*  1,  thi.h-3  emissions  are  primarily  produced  it  idle  ubd  other  low  power  operating 
conditions.  Thes  •  emissions  mc.lily  occur  at  theta  operating  conditions  because  the  combustion  efficiency 
levels  of  most  cn^I'es  at  these  low  po-nsr  ope  rati  ,r  conditions  are  not  optimum  and  are  typically  in  foe 
90  to  fj  percent  r»  •  ge.  At  higher  e  gir.e  power  settings,  the  combustion  efficiency  levels  cf  most  engines 
are  (  t-nerally  well  i  •  e<  tw  of  ‘fj  of  rcaat  and,  therefore,  the  quantities, of  Incomplete  combustion  products 
pnodveed  at  tnese  op*  caving  ronditi-rs  ere  :?ry  small,  The  somewhat  reduced  combustion  efficiency  perfor¬ 
mance  y  oust  ex.*  f-ing  aircraft  turn  sc  engines  at  idle  ar.d  other  low  power  operating  conditions  is  due  to 
the  advt  •  *c  "cnbc-itor  operating  conditions  that  normally  prevail  at  thcod  engine  operating  conditions.  At 
the  lev  sc  pc.-.fSi  iperi  '.ins  condition.',  the  combustor  inlet  air  temperature  and  pressure  levels  arc  ro¬ 
ll  tivel'  .V  .  the  ovcrdll  combustor  fuel -air  ratios  are  generally  low  and.  the  quality  of  the  fuel  atomisa¬ 
tion  ant.  *  Tlstribution  within  th*'  'ct-bustor  primes-  zone  is  usually  pc  >r  because  cf  the  low  fuel  and  air 
flows.  ihy  given  engine,  til  cf  these  adverse  combustor  operating  conditions  are  rapidly  eliminated  as 
the  engine  power  sotting  is  ir.orcvcf*-.1  above  idle  power  levels  and,  in  cocdingly,  its  combustion  efficiency 
performance  is  slickly  inc>»  -.s^d  to  rrar-optiiciri  levels. 

As  a  first  -*■**£.•  ir.  these  carbon  monoxide  and  i  drooerbons  emissions  reduction  'nvcitigut cons, 
analytical  and  experimental  studies  were  conducted  to  determine  toe  relationships  between  the  levels  of 
these  amissions  oral  the  combustion  efficiency  performance  characteristics  of  engines.  As  a  part  of  these 
efforts,  these  relationships  were  determined  in  tests  of  several  General  Electric  engines.  The  ranges  of 
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carbon  monoxide  and  hydrocarbons  emibsione  level  combinations  measured  in  these  engine  tests  at  various 
combustion  efficiency  values  are  presented  in  Figure  U.  As  is  shown,  vide  ranges  of  emissions  levels 
combinations  were  measured  at  the  lover  coabustion  efficiency  values.  Tne  specific  ratios  of  carbon 
monoxide  to  hydrocarbons  emissions  levels  of  engines  at  the  iov  power  operating  conditions.,  where  these 
low  efficiency  values  occurred,  vert  found  to  be  dependent  on  engine  size  and  the  specific  design  features 
of  the  engine  combustor.  At  the  higher  power  -crating  conditions,  where  the  combustion  efficiencies  ure 
high  the  hydrocarbons  levels  were  found  to  be  .datively  low.  These  low  hydrocarbons  emissions  levels 
are  consistent  with  -  oribustion  cneaical  kinetics  considerations  which  show  that  hydrocarbon  tompour.de  are 
consumed  much  faster  than  carbon  monoxidt.  Therefore,  as  near-ideal  coabustion  performance  is  approached, 
any  remaining  non  •equilibri'xs  combustion  product-:  -  or  inefficiencies  -  tend  to  exist  mainly  as  carbon 
monoxide. 

These  investigations  also  showed  that  the  emissions  levels,  at  idle  operating  conditions,  of  the 
high  cyde  pressure  ratio  engines  are  considerably  less  than  those  of  the  lower  cycle  pressure  ratio 
engines.  Some  measured  idle  pave,"  osbustion  efficiency  performance  levels,  dong  with  carbon  monoxide 
and  hydrocarbons  emissions  levej  are  presented  in  Figure  5  as  a  function  of  engine  cycle  pressure 

ratio  rating.  Ibis  correlation  generally  indicates  that  the  increased  combustor  inlet  temperatures  and 
pressures,  at  idle,  that  are  ziacciatcd  with  the  higher  pressure  ratio  cycles  result  in  improved  combustion 
efficiency  performance.  At  a  given  set  of  combustor  inlet  air  temperature  and  pressure  operating  condi¬ 
tions,  coabustion  efficiency  performance  at  icUe  is  also  effected  to  a  significant  extent  by  the  fuel-air 
ratio  of  the  primary  combustion  zone  and  the  quali+y  of  the  fuel  atomization.  At  idle  and  other  low  power 
operating  conditions,  the  overall  engine  erf.  womoustor  fuel-air  ratios  ore  generally  low  and,  thus,  the  pri¬ 
mary  zone  fuel-air  ratios  are  dso  lov  -  typically  one-half  of  the  stoichiometric  value.  Further,  fuel 
atomization  quality  tends  to  be  relati-ely  poor  at  these  low  engine  power  levels  because  of  the  low  fud 
flows  and  air  Hows.  In  pressure  atomizing  combustors,  these  low  fuel  flows  result  in  low  fud  nozzle 
pressure  drops  and,  thus,  poor  atomization.  In  combustors  with  low  fud  injection  pressures,  in  which  the 
fuel  is  airblast  atomized  by  compressor  discharge  air,  these  low  air  flows  result  in  low  air  velocities 
and,  thus,  poor  atomization.  Ir.  both  types  of  combustors,  poor  atomization  results  in  slow  fuel  vaporiza¬ 
tion  and  poor  nixing  of  the  fuel  with  the  air.  therefore,  methods  of  providing  either  higher  prime  sy  com¬ 
bustion  zone  fuel-air  ratios  at  idle  or  improved  fuel  atomization  at  idle,  or  both,  are  needed.  Approaches 
of  this  kind  are  being  defined  and  developed  in  the  invest! cations  currently  underway  at  General  Electric. 

In  addition  to  evaluations  of  methods  of  obtaining  improved  fuel  atomization  at  idle,  investigations  of 
methods  of  minimizing  or  dimnatir.g  any  comb — tisr.  quenching  tendencies  within  combustors  are  being  in¬ 
vestigated,  as  well"  as  methods  of  obtaining  higher  average  or  local  primary  zone  fuel-air  ratios  at  idle. 
Tnese  latter  i:  r3tzgations  involve  the  use  of  fuel  staging  methods  to  localize  the  fuel  concentrations 
at  idle  cr  decreased  primary  zone  air  flows  at  Idle. 

To  date,  some  promising  results  have  been  obtained  in  these  investigations.  An  advanced  full 
annuliir  combustor  has  been  tested,  at  engine  idle  operating  conditions,  with  modified  fuel  nozzles  to 
evaluate  the  effects  of  improved  fuel  atomization  in  improving  low  power  coabustion  efficiency  performance. 

A  significant  improvement  in  combustion  efficiency,  from  about  95  percent  to  about  ?5  percent  at  the 
nominal  idle  fuel-air  ratio  operating  condition,  and  mucr.  reduced  carbon  monoxide  and  hydrocarbons  emissions 
level  s  were  obtained.  These  test  results,  which  are  presented  in  Figure  6,  showed  that  the  relatively 
poor  atomization  quality  provided  by  the  existing  dual  orifice  fuel  nozzle  design  at  the  idle  power  oper¬ 
ating,  conditions  caused  a  loss  of  coabustion  efficiency.  As  is  also  shown  ir,  Figure  C,  increases  in  the 
fuel-air  ratio  above  the  nominal  value  resulted  in  even  further  decreases  in  the  carbon  monoxide  end  hydro¬ 
carbons  emissions  levels,  particularly  in  the  case  of  the  hydrocarbons.  These  latter  -findings  provide  an 
indication  of  the  significant  reductions  obtainable  by  operating  the  combustor  at  higher  Aiel-air  ratios 
at  idle.  One  attractive  Eea~s  of  obtaining  these  beneficial  higher  fuel-air  ratios  at  .die  is  to  extract 
and  dump  overboard  increased  amounts  _f  compressor  discharge  air.  Some  results  obtained  in  tcst3  of  ..n 
advanced  annular  eoc  luster,  Jr.  whir.-.  various  amounts  of  compressor  bleed  aJr  extraction  were  simulated, 
are  presented  in  Figure  ?.  These  results  illustrate  the  effects  of  increasing  primary  combustion  zcr.e 
fuel- air  ratio  -  at.  a  constant  fuel  flow  rate.  As.  is  shown,  signlficaj.t  carbon  monoxide  and  hydrocarbons 
emissions  level  reductions  were  obtained.  Since  many  advanced  engines  have  provisions  for  extracting 
large  amounts  of  compressor  discharge  flow,  this  concept  appears  to  be  s..  attractive  one. 

Based  on  the  results  obtained  to  date  _r.  these  investigations,  it  appears  that  significant  reduc¬ 
tions  in  carbon  monoxide  and  hydrocarbons  emissions  levels  are  obtainable  by  vombustor  design  codifica¬ 
tions  involving  improved  fuel  atomization  and/or  improved  primary  zone  stoi-hl erne try  at  idle.  Although 
progress  has  been  made,  methods  of  providing  further  reductions,  especially  in  the  cose  of  the  cercor 
monoxide  emissions  are  needed.  It  in  expected,  however,  teat  engines  to  be  developed  and  plnced  ir.  service 
in  future  years  will  nave  significantly  lower  carbon  monoxide  and  hydrocarbons  emissions  level?. 


REDUCTION  OF  OXIDES  OF  SUSOGcH  B-HSSIOSS 

In  parallel  with  the  investigations  to  develop  methods  of  reducing  the  carbcn  monoxide  a  .id  nydro- 
«tr bond  emissions  levels,  analytical  studies  and  exploratory  investigations  to  identify  end  develop 
techniques  of  reducing  the  nitrogen  oxides  emissions  levels  of  advanced  -omtusu-rr.  have  also  beer,  underway 
fit  General  Electric.  As  in  the  carbon  monoxide  and  hydrocorocns  emissions  ie/el  reduction  investigations, 
a  afijor  objective  of  these  efforts  is  to  retain  the  already  developed  low  zmoke  scission  characteristic  j 
af  tnese  advanced  .-actuators.  Also,  as  ir.  the  carbor.  monoxide  and  hydrocarbons  emissions  level  reduction 
investigations,  major  esp&asis  is  sol :.g  focused  m  providing  te-hnojc©  nppli.able  to  -ir-volar-v. pc  com- 
busters  hm"  advs-.-eed  t-ufbofas  engines.  Suszst-rlcs  of  some  of  the  results  of  these  invests  gat; on:-  sre  prs- 
srir.Z-si  wo  RefWencsrs  i  snd  5. 

Scvuli  afein  s  af  nitrogen  oxide*  arc  pef«ei-sxe3 ,  to  some  degree,  in  any  combustion  process  and  re¬ 
sult  free  the  axtdation  o?  Rtmosjdvcri.:  nitrogen.  In  U.v  combustion  systems  c-i  turbine  eagizMS,  r.-.eee 
•scissions  are  forited  within  t»e  primary  teskustior.,  or  Uses-  zsnes,  ai-i  within  the  dilution  zones  immedi¬ 
ately  at  the  pticeyw  zones.  There  esiusisna  consist  jcfisarily  -_-f  nitric  oiiat  toge.'r.er  with 

ssdl  amc-urts  of  nit  roses  •iloyids-  The  small  amounts  of  sitrogec  dioxide  tnicsiorn-  res.f.t  frerr.  the 


further  oxidation  of  the  nitric  oxide  that  is  formed  in  the  coabustian  or  flame  zones.  Once  discharged 
into  the  atmosphere,  however,  the  nitric  oxide  is  j^roduaUy  converted  to  nitrogen  dioxide.  9d.e  thermo- 
cheaical  equilibrium  quantities  of  nitric  oxide  that  can  he  generated  are  strongly  dependent  cn  the  flame 
temperature  levels  of  tne  hot  combustion  gases  and  on  tht  availability  of  oxygen.  Thus,  these  equilibrium 
quantities  increase  rapidly  as  the  irttial  air  tcoperature  is  increased  and  as  the  combustion  tone  fuel 
air  equivalence  ratio  (ratio  of  actual  fuel-air  ratio  divided  by  stoichiometric  fuel-air  ratio)  approaches 
values  in  the  order  of  0.9. 

As  s  first  step  in  these  investigations,  analytical  studies  of  the  nitric  oxia<.  formation  proceet 
ir.  combustors  were  conducted.  She;*  studies  shoved  that  the  formation  rates  Increase  very  rapidly  as 
flame  temperature  is  increased.  In  us,  these  rates  increase  very  rapidly  as  the  initial  air  tessiexature 
level  is  increased  anu  as  the  combustion  zone  fuel-air  equivalence  ratio  approaches  unity.  Increases  in 
the  inlet  air  pressure  level  were  also  found  in  these  studies  to  Increase  the  formation  rates.  For  these 
reasons,  the  nitrogen  oxides  emissions  levels  of  turbine  engines  ge.ier&lly  reach  levels  of  any  signifi¬ 
cance  only  at  tlu  high  .-over  operating  conditions,  where  the  combustor  inlet  air  temperature  nrd  pressure 
revels  are  high*  These  studies  shoved,  however,  that  the  formation  rates  are  relatively  slow  s.t  all 
operating  conditions,  as  compare!  to  the  fuel  combustion  reuctioi.o.  therefore,  the  quantities  of  the 
nitrogen  oxides  emissions  that  are  genet ated,  even  at  the  high  engine  cover  levelB,  are  usually  much  less 
than  the  theraocha?i«el  equiliorium  /alues,  since  they  are  limited, by  cot  short,  residence  tines  of  the 
hot  combustion  gases  within  engine  combustors.  As  a  result,  very  high  fuel  combustion  efficienci..a  can 
be  obtained  without  the  generation  of  therrsucheniuol  equilibrium  nitric  oxide  concentrations.  Some 
typical  nitric  oxide  formation  rate  data,  that  were  generated  in  these  studies,  are  presented  l.i  Figure  8. 

Because  of  the  very  strong  dependence  of  formation  rate  on  the  ii—ciol  air  temperature  level  and, 
since  combustor  inlet  air  temperature  level  is  a  direct  function  of  cycle  pressure  ratio-  z.ie  nitrogen 
oxides  emissions  characteristic.!  of  turbine  engines  are  directly  related  to  overall  engine  cycle  pressure 
ratio.  The  nitrogen  oxides  emissions  characteristics  of  several  General  Kiectrie  engines  -iave  teen  de¬ 
termined  in  engine  tests.  Some  of  the  results  of  these  engine  teats  are  presented  in  Figure  9*  is  is 
shown  in  this  figure,  the  ft.. .  power  (takeoff)  emissions  levels  of  the  high  cycle  pressure  ratio  engines 
are  significantly  greater  then  those  of  the  low  cycle  pressure  ratio  engines. 

At  any  specific  set  of  combustor  irlet  air  conditions,  control  and  reduction  of  the  nitrogen 
oxides  emissions  levels  of  a  given  combustor  involve  control  of  the  flaae  temperatures  within  lie  primary 
ecobuatloii  zone  and  the  diiwtion  zone  immediately  downstream  and/c r  control  of  the  resiaence  times  of  the 
hot  combustion  gases  in  these  zones.  To  nlninize  the  quantities  of  nitrogen  oxides  emissions  formed,  tne 
flame  temperatures  and/ir  residence  times  of  the  gases  in  those  zones  must  be  minimized.  One  general 
approach  for  reducing  flnmr  tecperc.t.res  involves  the  addition  of  inert  liquids  or  gases  into  the  primary 
combustion  zone.  The  introduction  of  water  into  the  primary  zone  is  on  approach  of  this  Kind.  Some  re¬ 
sults  of  experimental  studies  to  evaluate  the  use  of  water  injection  as  a  mean3  of  reducing  nitrogen 
oxides  emissions  levels  are  presented  in  Figure  10.  As  is  shown,  water  injection  in  ojour.ts  of  1  to  Z 
percent,  by  weight  of  the  combustor  air  flow,  provides  considerable  reductions.  These  investigations 
showed  teat,  to  achieve  these  reductions,  the  water  must  be  injected  directly  into  the  primary  combustion 
zone  and  mist  be  uniformly  distributed  with  tne  primary  zone  fuel-air  mixtures.  If  effective  atomization 
of  the  water  and  rapid  nixing  with  the  fud-alr  mixtures  are  not  obtained,  greater  quantities  of  water 
are  needed  for  the  same  degree  of  suppression. 

Based  on  results  of  this  hind,  water  injection  appears  to  be  a  generally  effective  method  oi 
obtaining  significant  reductions  ir.  nitrogen  oxides  emissions  levels  during  takeoff  and  cl  Inbout  opera¬ 
tions.  The  use  of  water  Injection  at  cruise  operating  conditions  is,  cf  course,  unaccectable.  However, 
tne  use  of  water  injection  in  aircraft  engines,  ever,  when  limited  to  takeoff  and  olimbout  operations, 
doea  involve  seem  weight  penalties  and  does  require  the  addition  of  water  tankage,  pumping,  valving  and 
plumbing  provisions  to  tne  —lgine.  As  such,  the  use  of  water  injection  has  some  significant  drawbacks. 
Accordingly,  means  of  reducing  the  levels  of  these  emissions  by  combustor  design  modifications,  rather 
than  by  the  use  of  water  injection,  represent  en  important  development  need.  Further,  if  nitrogen  oxides 
emissions  „evei  reductiont  at  cruise  ope rating  conditions  are  identified  ss  an  important  need,  reductions 
by  L.-eans  of  ccmbaator  design  modifications  will  be  essential. 

Another  general  approach  for  reducing  flame  temperatures  and,  thereby,  minimizing  the  quantities 
-f  nitrogen  oxides  emissions  formed  in  a  giver,  combustor  is  to  ai nixice  the  quantities  of  combustion 
gen  mixtures  with  near-stoichiometric  fuel-sir  proportions.  This  type  of  approach  offers  a  potential 
mesas  of  reduc. -g  nitrogen  oxides  cslsulonc  levels  by  combustor  design  features  rather  than  by  the  use 
of  water  injection.  Analytical  ard  experimental  studies  to  define  and  develop  methods  jf  this  Kind,  which 
ir»volve  the  difficult  problems  of  precisely  controlling  the  average  and  local  fusl-air  ratios  within  the 
primary  combustion  and  dilution  senes,  have  beer,  conducted  as  a  part  of  tne  General  Kleotric  investiga¬ 
tions.  Feme  potentially  promising  results  have  been  obtained  ir.  those  investigations.  The  use  of 
advanced  fuel  injection  methods  involving  airhlaet  fuel  atomization  has  bean  found,  for  example,  to  result 
in  somuwhet  letter  emissions  levels  as  compared  to  those  of  com'oubtor  neelgmr.  with  more  conventional  foci 
?.  ejection  provisions  ~  at  the  some  combustor  operating  conditions.  As  is  chovn  in  ;  ,gure  9>  emissions 
levels  reductions  in  the  order  of  30  percent  have  been  obtained  ir.  tests  with  these  advanced  fuel  injec¬ 
tion  techniques.  These  lower  emissions  levels  appear  to  be  the  result  c.i  the  very  effective  fuel -air 
mixing  obtained  la  carbureting  combustors  of  this  kind,  rests  have  si, own  teat  this  highly  effective 
mixing  process  results  ia  more  uni 'mm  mixtures  in  the  primary  combustion  and  dilation  zones  „b,u.  tnosc 
obtninsblc-  with  sore  conventional  fuel  injection  methods,  thereby  permitting  the  use  of  etc  rear  y.w  resi¬ 
dence  times  in  theca  zones.  As  a  result,  more  rapid  elimination  of  any  localized  fuel-air  mixtures  with 
near  stoichisaeiric  proportions  and,  thus,  reduced  nitrogen  oxidei.  eaistions  levels  may  be  attained. 

Other  Investigations  have  shown  that  sigi.ific.oat  reductions  in  nitrogen  oxidca  emissions  levels 
may  tri  obtained  ty  operating  with  either  much  rt .her  or  much  leaner  a  erage  primary  combustion  row-  JV&l-air 
ratics  than  those  normally  used  in  current  combustor  desity.s.  Some  experimental  results  .if  this  kind  arc 
shown  it  Figure  11.  As  Is  shown,  the  use  of  lean  primary  zone  mixtures,  in  particular,  rtsia.ts  ca  signi¬ 
ficantly  decreased  nitrogen  oxsdss  emissions  l«r-cls.  Operatic..  with  -usn  lean  pit  nary  mixtures  may ,  of 
course ,  require  the  use  -if  considerably  more  advanced  and  complex  combustor  design  tpprc-.nueo  <_p  obtain 
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satisfactory  ignition  characteristics  nod  operation  over  the  required  vide  ranges  of  combustor  fuel- air 
ratios,  Combustors  designed  to  operate  with  lean  primary  wees  at  full  power  operating  conditions  may,- 
for  etoeplt,  require  the  use  of  variable  geometry  features  to  modulate  and  reduce  the  air  flow  into  the 
primary  combustion  rone  at  the  lev  paver  operating  conditions.  Or  they  may  involve  the  use  of  modular 
uoaiutstor  designs,  comprised  of  many  email  combustor  modules  each  eq> lipped  with  fuel  injection  and 
fuel-air.  mixing  provisions,  with  which  staging  of  the  combustion  process  may  be  obtained. 

Also  ebavr.  in  Figure  11  are  tlie  effects  of  higher  primary  zone  fuel-air  ratios.  Only  small  re¬ 
ductions  in  the  nitrogen  oxides  emissions  levels,  as  compared  to  those  of  the  taseliat  combustor  de3igr., 
vere  obtained  in  these  tests  with  higher  primary  zor»e  fuel-air  ratios.  These  findings  suggest  that  the 
nitrogen  oxides  formation  process  is  apparently  merely  shifted  from  the  primary  tone  to  the  dilution  tones 
downstream,  with  little  net  change  in  the  emissions  level?.  These  findings  provide  an  indication  as  to 
why  the  nitrogen  oxides  emissions  of  lev  smoke  emission  combustors  have  generally  been  found  to  be  about 
the  same  as  those  of  cimilar  cccbustcr  designs  with  high  smoke  emission  levels,  rather  than  being  signifi¬ 
cantly  higher  as  hnd  been  predicted  by  a  cue  investigators.  Conversion  of  a  given  combustor  design  to  a 
lew  smoke  emission  design  generaljy  involves  providing  leaner  average  primary  zone  fuel-air  ratios.  The 
results  of  Figure  11  suggest  that  a  reduction  from  "n  averar.  prirsry  r.'r  itMl’.il— --o  ratio  of  2  or  more, 
■iu.trt  is  iypieaj.  of  many  high  smoke  emission  combustor  designs,  to  a  value  of  about  1.3,  which  is  typical 
of  current  low  smoke  exis'ion  combustor  designs,  vould  only  be  expected  tt  result  in  small  increases  in  the 
nitrogen  oxides  emissions  levels  cf  a  given  coabustf.r.  These  findings  are  corroborated  by  the  data  shown 
in  Figure  12,  where  the  nitrogen  oxides  emissions  characteristics  of  an  advanced  turbofan  engine,  equipped 
first  with  a  ccwbv.itor  vita  visible  smoke  emissions  and  then  with  a  low  smoke  emission  version  of  this  same 
combustor,  are  compared. 

w  Thus,  some  preliminary  progress  has  also  teen  made  in  those  exploratory  investigations.  2iess 
investigations  indicate  that  the  oxldt-n  jf  nitrogen  emiecicns  will  probably  be  the  most  difficult  of  the 
emissions  problems  associated  with  aircraft  turbine  engines  to  solve  by  combustor  design  modifications 
Based  o j  the  results  obtained  to  date,  however,  it  is  anticipated  that  suitable  reduction  techniques  in¬ 
volving  combustor  modifications,  rather  than  the  use  of  water  injection,  will  be  successfully  developed. 
Thus,  it  is  anticipated  that  the  nitrogen  oxides  emi6Sioas  levels  of  the  advenced  enginee,  especially  the 
high  pressure  ratio  and  performance  engines,  to  be  developed  and  placed  into  service  in  future  years 
will  be  reduced  to  values  significantly  lower  than  those  being  measured  in  current  engine  models  with 
equivalent  pressure  ratio  ratings.  However,  it  appears,  at  present,  that  much  additional  combustion 
research  and  development  effort  will  be  require .  to  bring  this  nitrogen  oxides  emissions  abatement  tech¬ 
nology  to  the  point  where  It  can  he  satiefactortly  applied  and  significant  emissions  level  reductions  can 
be  realized  in  future  engtwjft. 
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1.  Significant  progress  has  been  made  ir.  the  development  of  technology  for  the  design  of  cccbustors 
with  much  reduced  scok„  emission  levels,  A3  a  result  of  these  efforts,  combustors  with  virtually  invisible 
smoxe  emission  levels  at  all  engine  operating  conditions  have  been  developed  and  placed  into  service.  The 
peak  SAE  ASP  1179  smoke  numbers  of  these  advanced  combustors  are  typically  in  the  order  of  20  or  lesc. 

Smoke  numbers  of  this  order  correspond  tc  very  low  concentrations  of  smo..e  particulates  in  engine  exhausts, 
only  about  2  parts  per  million  parts  (by  weight)  of  the  core  engine  exhaust  gas. 

£.  Based  on  the  results  of  investigations  conducted  to  date,  much  reduced  carbon  monoxide  and 
hydrocarbons  emissions  levels  appear  to  be  attainable  through  the  use  of  combustor  design  modifications 
which  provide  improved  fuel  atomization  at  idle  and/or  higher  primary  combustion  zone  futl-air  ratios  at  idle. 

3.  Sene  potentially  promising  approaches  for  providing  suppression  of  the  nitrogen  oxides  emissions 
levels  of  combustors  have  been  identified  in  the  exploratory  development  efforts  conducted  to  date.  The 
introduction  of  water  into  cook-i&tors  bos  been  found  in  these  studies  to  be  an  effective  "method  of  reducing 
the  levels  cf  these  emissions.  While  this  latter  approach  appears  to  he  effective  as  k  vav  of  suppressing 
tiu:  peak  nitrogen  oxides  esiisiccs  levels  as 20c in. ted.  with  takeoff  and  cl.imbout  operations/ there  are  some 
eJjy.ificart  disadvantages  associated  vitr  it3  use.  The  use  cf  advanced  fuel  injection  end  atomisation 
methods  Jiao  also  Vies,  found  to  te  an  effective  cctnod  of  reducing  nitre  geo  oxides  end  scions  levels .  Further, 
the  use  of  precisely  regulated  priasry  zone  fuel -air  rati.s  Spptfrc  to  offer  tune- iderable  rix&laa. 
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Figure  7 


Effect  Of  CD?  Bleed  Extraction  At  Idle  On  Carbon  Monoxide  And  Hydrocarbons  Enissicns 
Characteristics  Of  An  Advanced  Coabuator-AC  Standard  Day  Operating  Conditions. 
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Figure  S.  Effects  Of.  Initial  Tettperaturs  And  Pressure  On  Nitric  Oxide  Formation  Rates 


Baseline'  Design  Emissions  Level 


Discs!  ton  on  Pap?r  29 

‘Technology  for  the  Reduction  cf  Aircraft  Turbine  Engine 
Exhaust  Emissions” 
presented  by  D.W.Bahr 

H.C.Eztock:  In  Figure  9,  NOx  emissions  level  data  points  in  the  range  of  !  to  2  pounds  per  1000  pounds  cf  fuel 
are  shewn  for  the  l«w  pressure  ratio  ir.gir.es.  Any  comments? 

D.W.Bahr:  In  these  low  cycle  pressure  ratio  engine:),  the  peefc  Nux  concentrations  contained  in  the  engine  exhaust 
gases  are  relatively  iow,  geneialiy  less  than  20  ppm.  These  specific  data  were  obtained  in  some  of  our  original 
engine  emissions  measurements  tests.  The  sensitivity  of  the  gas  analysis  methods  used  sn  these  particular  tests  to 
low  NOx  concentrate  slightly  limited  and,  therefore,  the  measured  NOx  emissions  levels  nav  be  slightly  iow. 
Our  Nox  emissions  cnl  models,  which  were  developed  subsequently,  predict  levels  in  the  range  of  3  to  4 
pounds  per  1000  pounds  of  fuel  for  these  engines.  In  more  recently  conducted  tests  of  these  low  cycle  pressure 
ratio  engines  in  which  further  improved  on-line  exhaust  emissions  measurement  capabilities  were  used,  NOx 
emissions  levels  ir.  the  range  of  3  io  4  pounds  per  1000  pounds  of  fuei  were,  in  fact,  obtained.  Ail  oth“r  NOx 
emission  data  shown  in  Figure  Q,  and  in  the  other  figures  containing  such  data,  were  obtained  with  this  improved 
measurement  system. 

H.C.Eatock:  Are  the  smoke  emission  characteristics  of  the  baseline  design  comoustor,  referred  to  Figure  II, 
similar  to  those  shown  in  Figure  2  for  the  low  smoke  combustor  design? 

D.W.Bahr:  Yes.  The  baseline  design,  which  is  specified  ir.  Figure  1 1,  is  the  same  as  the  Figure  2  low  smoke  des:gn. 

FJ.Verkamp:  With  CD?  bleed  air  extraction  at  idle,  how  much  of  an  increase  ir.  N'Ox  emissions  level  at  idle  was 
observed? 

D.W.Gshr:  No  measurer,!?  increases  were  observed  in  these  tests,  even  with  highly  sensitive  NOx  analysis  equipment 
While  some  small  increases  m  the  NOx  cm.ssions  levels  at  idle  might  be  theoretically  expected  with  increased  bleed 
air  extraction,  any  such  increases  are  apparently  very  slight  and  not  of  significance.  The  NOx  emissions  levels  of 
turbojet  and  turbofan  engines  at  idle  are,  of  course,  quite  low  -  generally  less  than  3  pounds  per  3000  pounds  of 
fuel  even  in  high  cycle  pressure  ratio  engines  -  and  not  of  any  significant  concern. 

FJ.Verkamp:  What  was  the  effect  of  water  injection  on  the  measured  CO  emissions  levels? 

D.W.Bahr.  No  changes  in  the  measured  CO  emissions  levels  were  observed  up  to  a  water  mass  flow  rate  of  about 
5  percent  of  the  combustor  air  mass  flow  rate.  Above  this  water  flow  rate,  slight  increases  in  the  CO  levels  were 
detected. 
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A  PRELIMINARY  &TUDY  OS  THE  INFLUENCE  OF  FUEL 
STAGING  ON  NITRIC  OXIDE  EMISSIONS  FROM  GAS 
TURBINE  COMBUSTORS 


A.  H.  Lefebvre  and  R.  S.  Fletcher 
School  of  Mechanical  Engineering, 
Cranfield  Institute  of  Technology, 
Cranfield,  Bedforl,  England. 


SUMMARY 

The  performance  characteristics  of  present-day  gas  turbine  combustors  are  significantly  con¬ 
strained  by  a  design  philosophy  vhich  attempts  to  achieve  all  the  performance  requirements  in  a  single 
zone.  Clearly  these  constraints  can  he  lifted  if  the  combustor  employs  two  or  more  separate  conbustion 
zones,  as  it  is  then  possible  to  design  each  zone  to  satisfy  differing  performance  requirements.  This 
paper  presents  the  results  obtained  from  a  preliminary  investigation  carried  out  on  a  tubular  aircraft 
combustor  chamber  which  was  perfectly  standard  apart  from  an  additional  fuel  injector  located  just  down¬ 
stream  of  the  primary  zone.  Measurements  of  nitric  oxide  exhaust  emissions  were  carried  out  over  a  range 
of  fuel  flows  to  both  primary  and  secondary  zones  and  the  results  compared  with  predictions  based  on  a 
previously  derived  mathematical  model. 
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INTRODUCTION 

Advances  in  gas  turbine  combustor  design  philosophy  over  the  past  three  decades  have. been 
characterized  more  by  gradual  evolution  than  marked  step  change.  Moct  of  the  early  aircraft  engines 
featured  tubular  combustion  chambers.  These  were  gradually  superseded  by  tubo- annular  systems  which  veve 
widely  used  until  the  ascedance  of  the  annular  chamber,  which  now  tends  to  dominate  the  scene,  at  least  for 
aircraft  applications.  Over  the  sane  period  some  significant  changes  have  occurred  in  fuel  injection 
techniques.  The  early  simplex  twirl  atomizer  gave  way  in  due  course  to  mere  sophisticated  designs,  such  as 
the  duplex  or  dual-orifice  atomizer,  but  growing  concern  over  the  problem  of  exhr.ust  smoke  eventually  led 
to  the  advent  of  fuel-injection  systems  which  involve  a  substantial  element  of  fuel/air  premixing  prior  to 
combustion.  A  notable  example  of  this  type  of  'premix'  device  is  the  airblast  atonizer. 

It  is,  however,  of  interest  to  note  that  although  the  size  and  general  appearance  of  combustor 
liners  have  altered  appreciably,  their  basic  design  characteristics  have  remained  substantially  uncharged. 
Thus  almost  all  combustors  comprise  three  main  zones  -  first  a  primary  zone  in  which  fuel  is  injected  into 
a  recirculating  airatream  and  where  most  of  the  burning  takes  place,  followed  hr  an  intermediate  zone  in 
whW  comcustioc  proceeds  to  completion  and  where  much  of  the  soot  produced  in  the  primary  zone  is  consumed. 
Dcvr.s  trees  of  this  zone  ia  the  dilution  zone  where  further  nir  is  injected  to  cool  the  gas  down  to  the 
turbine  inlet  temperature.  On  some  combustors  those  three  zones  are  quite  separate  end  distinct;  on  others 
the  debarkation  between  zones  is  more  blurred.  Nevertheless,  in  all  conventional  combustors  these  three 
zones  exist  and  their  purpose  is  broadly  to  fulfill  the  functions  outlined  above. 

The  primary  zone  has  by  far  the  most  arduous  role  to  perform.  It  has  to  provide  easy  ignition 
and  wide  burning  limits,  coupled  with  high  combustion  efficiency  and  low  soot  formation  over  n  vide  rerge 
of  operating  conditions.  Some  of  the  requirements  are  difficult  to  reconcile,  for  example,  moot  of  the 
recognized  netkods  of  improving  altitude  relighting  performance,  such  as  reducing  tne  cone  angle  of  the 
fuel  s pray,  or  injecting  less  air  into  the  primary  flew  reversal,  tend  to  increase  both  flame  radiation 
and  exhauvt  suoke.  Consideration  of  the  other  important  pollutant  species  generated  in  kerosinc/air  comb¬ 
ustion,  v,amely  carbon  monoxide  (CO),  unhurried  hydrocarbons  (EC)  ar.d  oxides  of  nitrogen  (NOj.)  poses 
additional  formidable  problems.  High  flame  temperatures  and  long  residence  times  are  advantageous  from 
the  viewpoint  of  minimizing  CO  and  EC,  but  low  flame  temperatures  and  short  residence  timer,  are  essential 
to  avoid  excessive  production  of  NO^..  Thus,  is  general,  any  msdi fication  to  the  primary  zone  that  helps 
to  reduce  CO  and  HC  will  tend  to  enhance  the  formation  of  K0X,  ana  vice  verse. 

Disquiet  over  jjollutant  emissions  from  car.  turbines  hes  led  is  recent  years  to  a  searching  re- 
exasxcstioc  of  all  the  key  processes  taking  pliwe  within  the  cosbuslor*  As  a  result  two  main  lines  of 
development  towards  "lew  emissions"  com'ovstcrs  have  estrged.  One  ‘•pproach,  vhich  ic  attractive  in  the 
short  term,  is  aimed  at  improving  the  emissions  performance  of  existing  cojcustor  concepts  by  careful  dis¬ 
tribution  of  air  to  the  various  Bones,  by  the  adoption  of  wire  advanced  methods  of  Aiel  injection,  and  by 
the  practical  exploitation  of  dew  wall-cooling  techniques  that  diacoursge  CO  and  HC  accumulation  in  the 
lean  cool  regions  near  the  liner  vail.  The  merit  of  this  approach  is  that  vhe  combustor  retains  its 
existing  general  sis*,  and  edn figuration,  and  imprpvezents  can  be  ssde  without  trespassing  far  outside  the 
bourn da  of  established  technology.  Its  main  drawback  is  that  the  end  product  must  inevitably  be  s  compromise 
of  some  kind,  both  in  regard  to  emissions  and  other  aspects  of  cov,oustior,  performance. 

The  other  approach  is  essentially  a  rejection  of  the  present  design  philosophy  which  is  too 
rigid  in  its  cent  col  of  fuel  and  air  distribution  characteristics.  Ac  attest  is  made  to  vary  the 
distribution  of  fuel  and/or  sir  with  engine  operating  speed  and  power  output  in  «uth  s  manner  that  conditions 
within  ins  eenhuation  zone  are  always  conducive  to  lev  pollutant  emissions.  One  possible  vsy  of  aehievinp 
this  aim  is  by  use  use  of  variable  geoettry  to  regulate  and  control  the  amount  of  air  entering  the  primary 
gone.  This  introduces  the  cosplexity  of  saving  parts  bat  *jm  the  potential  to  minimize  pollutant  emissions 
over  th^  entire  pever  range.  Another  alternative  is  to  replace  the  conventions!  priswry  zone  with  two  or 
oove  combustion  zones  esc/,  vith  itn  own  separate  supply  of  fuel.  This  often.  the  prospect  of  'toning*  the 
flow  and  mixing  charaoterfati.es  of  etch  tone  to  achieve  condition*  that  best  satisfy  one  or  more  aspects 
of  combustion  terforesnee.  This  zdeht  suggest  that  the  nusber  of  zones  should  ideally  equal  the  number  of 
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coabustion  performance  parameters  but,  in  practice,  considerable  airf-Hficatioit  is  posrible  because  some 
performance  requirements  are  sufficiently  analogous  to  be  acf.-omaadatcS  into  u  ctiagle  zone,  Tor  example, 
the  conditions  that  pro note  good  ligating. performance,  i.e.  low  air  Telocity,  low  turbulence  and  snail 
spray  angle,  also  tend  to  viden  the  burning  range. 

Clearly  the  si^leat  form  of  "staged"  corsbustor  vould  be  one  in  which  th*. normal  primary  rone 
is  replaced  by  tvo  separate  conbustic;.  cones,  each  designed  specifically  to  opt  ini  tie  certain  aspects  of 
performance.  One  proposed  arrangement"  comprises  s  lightly-loaded  primary  tone,  which  is  supplied  vith 
fuel  either  ’’premixed'  or  from  a  conrentionsl  pressure  atomiser,  '.spending  on  the  stability  iango  required. 

At  lev  fuel  flov  conditions  ouch  as  idling,  cosibuztion  confinril  tr  this  tone,  vhich  being  lightly  louden, 
ensures  easy  light-up,  high  coabustion  efficiency  and  lov  exhaust  emissions,  rovnatream  of  the  primary  tone 
is  located  the  main  combustion  rone.  Shis  is  supplied  vith  a  If  rge  amount  of  air,  premised  with  fuel,  to 
give  scot-free  combustion  ssd  lov  nitric  oxide  emissions. 

The  construction  of  a  combustor  designed  along  these  lines  ! -  proceeding.  In  the  meantime  it 
vas  decided  to  carry  out  a  preliminary  investigation  on  a  modified  conventional  combustor,  vi eh  the  following 
objectives ; 

(1)  to  obtain  some  guidance  cn  the  potential  of  staged  combustion  for  the  reduction  of  nitric 
oxide 

(2)  to  examine  vhether  the  previously-derived  model  for  predicting  nitric  Oxide  emissions 
could  be  satisfactorily  applied  to  multi-staged  cnmbuation  systems. 

EXPERIKFJfTAL  PKOGRAP&E 

The  test  programme  vas  carried,  out  using  a  single,  tubular,  fully-developed  ana  .perationsl  gas 
turbine  coj&huutnr  which  featured  air  admission  through  an  upstream  axial  svirler,  secondary  holes,  tertiary' 
holes  .ted  til*  cooling  slots,  The  main  dimensions  and  flow  proportions  of  the  combustor  are  giver  belcws- 

TABLF,  1 

Details  of  Combustor 

Liner  length  50cm. 

liner  diameter  25cm. 

Pri.?ary  zone  volume  3,850cm.3 

Total  combustion  volume  12,900cm.3 

Total  liner  volume  2b,COOcm.3 

Frimary  zone  air  12  per  cent 

Total  combustion  air  b8  per  cent 

The  primary-zone  fuel  injector  consisted  of  a  piloted  airblsst  ntomi.er  and  the  secondary  zone 
injector  of  a  conventional  evirl  atomizer  vith  a  6C  degree  angle.  The  secondary  atomizer  vas  installed 
within  a  water-cooled  jacket  and  located  with  its  point  of  injection  about  3eo.  downstream  of  the  primary 
zone  exit.  A  schematic  diagram  01  the  test  combustor  is  given  in  figure  1. 

The  results  reported  here  represent  only  the  preliminary  ones  in  a  continuing  research  p/og resize 
in  vhich  measurements  of  combustion  efficiency  and  certain  pollutant  emission  levels  namely  oxides  of 
nitrogen,  uoburned  hydrocarbons ,  smoke  and  carbon  monoxide,  will  be  determined  for  a  family  of  staged 
combustors.  The  discussion  vili  consider  the  results  obtained  for  nitric  oxide  over  the  following  range 
of  operating  conditions. 


TABLE  2 

Test  Conditions 


Air  hasting  vtj  effected  by  means  of  li-iino  electrical  heaters  and  the  fuel  employed  vas 
aviation  teroaioc.  In  order  to  investigate  tne  influence  of  varying  airflow  proportions  on  KO  emissions, 
vita  end  without  fuel  staging,  a  number  of  tests  were  carried  out  vith  partial  blanking  of  either  the 
priicuy  or  dilution  air  admission  holes.  This  gave,  in  effect,  t&rae  separate  combustor  builds,  sr. 
follows :- 

Build  1  *  standard  lin£i-,  having  12  percent  primary  sir  plus  36  percent  secondary  air. 
Total  combustion  air  *  fc3  percent  of  cheaper  rat**  flow. 

3uil<*  2  -  dilution  air  holes  partially  blasted.  of T  gtvius  IT  percent  pritmry  air  and  50 
percent  secondary-  air.  Total  ccnlualiv-n  eii  *  67  percent. 

Build  3  -  primary  *i~  holes .partisllv  blanked  off,  giving  10  percent  primary  air  and  32 
percent  secondary  air.  Total  etwba&tioa  air  a  2tS  percent, 

The  air  flov  proportions  quoted  above  c-  issed  cn  the  nwnufacturer’s  estimates  vhich  have  bet.-; 
modified  for  Builds  (2)  and  (3)  to  ellcv  for  the  eft  ■■z  of  the  blanking  strips  in  redistributing  the  air  to 
tbs  various  tons  a.  In  estimating  flow  proportions  for  Builds  (2)  a; id  (3)  no  cttes.pt  was  aade  to  recalculate 
hole  discharge  coefficients  and  therefore  no  great  accuracy  ia  claimed  for  the  values  quoted  above.  In  all 


teat*  on  Builds  (?.)  m3  (3)  the  chamber  reference  velocity  was  Modified  by  appropriate  amounts  in  order  to 
maintain  a  constant  value  .for  the  tsean  residence  time  in  the  combustion  tone. 

KJASWESCHT  OF  F.MI8SI0HS 

Exhaust  gases  were  extracted  at  the  combustor  exit  through  a  diametral  probe  containing  nine 
holea  of  lets,  diameter,  o paced  to  give  equal  area  a  stapling .  Although  the  probe  itself  was  water  cooled, 
the  line  between  the  test  rig  and  the- adjoining  control  room  was  electrically  heated  to  between  l8o°  and 
200°C.  A  small  positive,  pressure  vas  Maintained  .on  all  instruments  to  overcome  possible  problems  of  leakage. 
A -freezing. trap  and  spray  trap  were  included  to  cool  the  sample  and  remove  exec  e  water.  The  nitric  oxide 
concentration  in  parts  rer  riltio"  ty  votwre  oecsy red  j  u  cheriirimiescent  analyser. 

MATHEMATICAL-  MODEL  OF  SITKIC  OXIDE  1MISSI0KS 

The  predominant  oxide  of  nitrogen  produced  in  aircraft  gas  turbines  is  nitric  oxide,  (HO),  *ad 
mathematical  methods  are  presently  being  developed  to  predict  the  formation  characteristics  of  thi3  specie. 
One  model  2,3  has  already  demonstrated  the  ability  to  predict  HO  from  conventional  combustors  and  it  can  1) : 
simply  aodified  to  apply  to  staged  combustion  systems.  A  brief  description  of  the  model  follows: 

Method  of  Approach 

The  main  assumptions  made  in  the  derivation  of  the  model  are,  that, 

1.  The  major  chemical  species  in  the  combustion  procese  can  be  considered  to  be  in 
thermodynamic  equilibrium. 

2.  The  HO  formation  process  can  be  isolated  from  tne  flov  and  combustion  processes. 

Wise  assumptions  follow  from  observations  of  practical  combustor  systems  that  show  nitric 
oxide  levels  to  be  sufficiently  low  for  changes  in  concentration  to  have  negligible  effect  upon  gas 
temperatures ,  and  the  KO  formation  process  to  be  so  slow  relative  to  the  combustion  process  that  most  HO 
is  formed  in. the  post-flame  gases. 

Hitric. oxide  kinetics  are  represented  in  a  manner  after  that  first  proposed  in  Reference  (b) 
which  leads  to  the  following  overall  HO  reaction  rate  equation; 

5150).  -  fSo  2)  _3__  (!) 

<?t  p  1  ♦  oK 

where  (HO)  *  nitric  oxide  maas  fraction,  Mjj0  *  molecular  weight  of  KO.  ?  =  gas  density,  a  »  (NO/(HO)e,  where 
e  indicates  equilibrium  conditions,  and  Rj  and  K  relate  to  three  controlling  kinetic  rate  equations  which 
involve  the  species  02,  0V  K2,  H,  HO  and  OH. 

The  model  of  the  fl.ee  behaviour  in  the  gas  turbine  combustor  treats  each  of  the  three  zones 
defined  previously  {see  Figure  2)  in  a  separate  manner.  The  HO  emission  characteristics  of  the  primary 
tone  are  related  to  three  c cutrolling  processes,  namely,  the  lack  of  complete  combustion  that  occurs  within 
the  zone,  She  non uniformities  in  concentration  and  temperature,  and  the  residence  time  cheructerintics  of 
the  fluid  elements.  Iccoxplete  combustion  is  accounted  for  by  defining  an  effective  t»ss  mean  equiyalenc. 
ratio  *E  to  be  equal  to  B.$p  where  $p  is  the  actual  mass  mean  value  and  P  is  a  primary  zone  combustion 
efficiency  as  correlated  in  Reference  (5).  The  'aaxedness'  of  the  primary  tone  is  characterized  by  the 
axegie  dimensionless  parameter  So  *  Co/fE  where  a  in  stotisti'.al  teres  is  colled  the  standard  deviation 
and  represents  the  degree  of  distribution  about  ?£•  Regions  wit!,  equivalence  ratios  bounded  between  <t  and 
snip  eve  ther.  represented  by  the  mass  fraction  f(*)dd  where 

f{','  •*  (l/ts/Ss)  exp  [  -(d-5)?-/2o2  ^  (2) 

The  residence  time  for  each  fluid  element  in  the  zone  is  'assumed  to  obey  the  distribution 
characteristics  that  foil,  w  from  the  theory  of  veil-stirred  reactor  .,  in  which  the  characteristic  seen 
residence  time  is  defined  as  the  primary  zone  veluae  divided  by  the  volumetric  flew  rate. 

Factors  oodellud  in  the  intermediate  zone  are  those  that  influence  the  axial  mass-mean  temper¬ 
ature  profile  and  the  distribution  characteristic  about  thie  mean.  These  are  the  rats  at  which  air  enter* 
the  tone  end  is  entrained  into  the  bulk  flow,  thu  ra*e  of  mixing  to  tbc  homogenous  state  (-re),  and  the 
rate  at  which  the  onburr.ed  fuel,  is  icnited.  it  is  assured  that  these  processes  are  proportional  to  the 
equate  root  of  distance  travelled  it  the  zone.  The  assumptions  have  been  teated  parametrically3  and  found 
to-  influence  predietiou#  by  less  than  -fifteen  percent.  Conditions  in  the  dilution  zone  are  assumed  to  ho 
hoxoseneeus  and,  therefore,  readily  calculated. 

Previous  Comparisons  with  Experimental  I  from  Conventional  Systems 

The  limitation  in  the. model  deseri.i.vj  above  is  that  the  suxednesa  panmeter.  So,  mu?t  be  con¬ 
sidered  to  be  a  matching  part  otter  as  its  valur-  car  only  be  determin'd  by  cor.peri.iion  of  prediction's  with 
measured  vmluei,  Proeticslly  its,  value  can  vat,  tro/>  t  ro,  ftr  a  urenixed  fuel-air  eystea,  to  unity  Tor 
the  very  poorly  mixed  cess.  Z-,  has  been  ured  ih  fix:  -cocoes  to  predict  E5-*  ss»?sicrs  over  a  mt*  range 
of  operating  conditions  for  two  rally  developed  sire: ;  ft  •>.;  t».  cirsc  eoBihuotar-j ,  once  the  value  of  %  was 
obtained,  and  sow.-  is  cults  are  shown  in  Figure  3- 

KSTESSXOS  OF  MODEL  TO  STACK  K»H5K>TTtW 


The  simplest  method,  of  approach  in  applying  th,»  sodel  to  the  strged  scabustor  concept  is  to 
assume  that  it  eoapriaea  two  combustion  cones  £r  aeries.  !hc.  dilution  zone.se  cf  no  significance  as 
previous  calculations  hare  shown  that  50  ceases  to  be  formed  cnee  the  effective  mass  men  equivalence  r«Hr 
reduces  below  -about  C.J.  Such  vuluea  tend  to  occur  e  little  further  than  one  radius  aistenee  from  the 
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primary  tone  exit  in  conventional  gee  turbine  combustor*. 

If  this  approach  is  adopted  an  assumption  has  to  be  sade  concerning  the  details  of  the  mixing 
process  that  occurs  between  the  two  stages  and  its  influence  upon  the  subsequent  t\Q  fonaatioa  character¬ 
istics-  It  is  c-seumed  that  these  hare  no  significance  ii)  the  well  designed  ajaun  and  the  initial 
concentration  of  all  eiossats  in  the  second  stage  calculation  id  ret  equal  to  the  average  value  that 
■iT-s-td  tne  first  «tage.  Examination  of  equation  (l)  thevs  this  to  nr  a  valid  assumption  *6  the  rate  of 
it,/,  lies  of  KO,  though  dependent  upon  the  SCO  concentration,  in  essentially  linear  until  o  exceeds' 

•V.r ■>  jxiratcly  0.3.  The  value  of  o,  which  is  the  fractions!  concentration  of  SO  yroducad  h\  tt 

the  equilibrium  vatuc,  rarely  exceeds  this  figure  in  gas  turbine  systems ,  1h,3  assumption  irqslit*  ihut 

the  NO  gr  crated  in  the  two  stages  can  be  .considered  separately  and  that  the  total  esiasiou  is  the  sun  of 
the  inCiridual  contributions. 

Calculations  were  Bade  based  upon  the  asauaption  that  the  first  stage  Icoyth  tsrriisated  with 
the  point  of  injection  of  the  second  stage  fuel.  The  secondary  burning  sons  ws»  assumed  to  contain  all 
the  air  added  up  to  the  downstream  edge  of  this  sor.e.  The  eossbustion  efficiency  of  the  second  stage 
burning  tone  was  measured  at  the  standard  rig  text  condition  at foasd  to  he  close  to  §0  percent.  TfeiJ) 
value  vs*  used  in  all  calculations. 

DISCUSSION 

The  results  obtained  for  />-.!  three  builds  are  shown  plotted  in  Figures  U,  5  and  6.  Vhcn  the 
standard  liner  was  operating  with  two  stages  of  fuel  injection,  apprcrimtely  75  percent  of  the  fuel  was 
injeett-  into  the  primary  ccatvation  tone  and  the  reatinoer  into  the  secondary  combustion  tone.  The 
effect  of  staging  the  fuel  injection  in  this  cactier  was.  to  reduce  appreciably  ‘.he  exhaust  concentration  of 
NO,  as  shown  in  Figure  1*.  It  is  apparent  from  Figures  5  sad  6  that  fuel  stagirg  was  lens  effective  its 
reducing  NO  emissions  with  Builds  (d)  v.i  (3),  ii;  which  r.ppro.  ?Kstely  enn-thira  af  the  fuel  v»s  deployed 
in  prisarjr-tene  combustion  and  the  remainder  injected  dewnstrear..  Nevertheless,  taking  tt-e  results  fis  a 
whole,  and  bearing  in  Bind  the  rudi sectary  nature  of  the  test  programme,  in  which  tic  attempt  van  tade  to 
optieize  flow  quantities  or  airflow  pattern  or  fuel  distribution  ie  either  stage,  it  ia  clear  that  fuel 
staging  has  considerable  potential  fer  lowering  NO  ecissions  fro®  gas  turbine  cossbustors. 

The  full  lines  drawn  in  Figur,.  a  to  6  represent  the  values  of  NO  as  predicted  from  the  aath- 
esatieal  model  described  above.  .  The  nixedness  parameter,  So,  was  determined  by  trial  and  error  to  give 
good  agreement  between  measured  and  calculated,  values  of  HO  for  the  ntaadird  liner.  This  sate  value  of  S0 
was  then  employed  to  calculate  all  the  HO  coioaior.s  data  corresponding  to  the  lines  shown  in  full  in 
Figures  t,  5  end  6.  In  all  figures  tne  experimental  and  predicted  values  tally  reasonably  well  and  thereby 
strengthen  the  validity  of  the  csathesatical  <re>4*l  used  to  simulate  NO  emissions. 

CONCLUSION 

The  results  of  this  preliminary  investigation  confirs  that  fuel  staging  has  considerable 
potential  for  reducing  nitric  oxide  emissions  from  gas  turbine  combustors. 
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Discussion  on  Paper  50 

'*A  Preliminary  Study  on  the  Influence  of  Fuel  Staging  on  Nitric  Oxide 
Emissions  from  Gas  Turbine  Combustora" 
presented  by  ATELefebm 


S-A-Mosier:  With  due  respect  to  ycur  comment  (hat  (he  results  shown  are  preliminary  in  nature.  1  must  reject  the 
burner  configuration  shown  in  your  figure  2  as  being  non-pragmatic.  The  insertion  of ..  fuel  injection  system  into 
tlie-  flame  zone  of  a  combustor  leads  to  a  great  many  safety  and  maintenance  problem?.  Also,  reducing  nitric  asides 
using  tlie  staged  fuel  concept  is  not  necessarily  a  great  fear  I  would  suggest  that  you  p3y  dose  attention  to  unnamed 
hydrocarbon  and  carbon  monoxide  concentrations.  Your  poor  .ombustion  efficiency  (80  percent)  reveals  that  the 
carbon  monoxide  and  ur.burned  hydrocarbons  concentrations  are  very  high  under  the  conditions  at  which  you  were 
testing.  Your  work  appears  tc  be  too  preliminary  to  draw  any  promising  extrapolation... 


A.H.Lefebvre:  The  method  employed  to  introduce  the  second-stage  f«c!  was  adopted  for  rig  test  convenience  and 
is  not  being  advocated  as  a  practical  design.  The  quoted  value  of  80  percent  combustion  efficiency  for  the  piv- 
diltiuon  zone  is.  in  fact,  fairly  typical  of  air. raft  combustors  v<hen  opere'Jcg  at  relative. .  low  inlet  air  temperatures 
and  pressures.  Mr  Mosicr’s  reference  to  “high  concentrations  of  carbon  monoxide  and  unbumec  hydrocarbons”  are, 
5  believe,  based  on  a  misunderstanding  of  our  objectives.  We  contend  that  low  emissions  of  these  cpecru,  is  best 
*  hieved  by  singie-sisge  fuel  injection,  into  a  primary  zone  that  is  specifically  designed  in  terms  of  flow  velocity  and 
.quiralencc  ratio  to  give  optimum  combustion  performance  at  low  power  conditions.  Such  a  system  would,  of 
course,  tend  to  give  high  concentrations  of  nitric  oxides  at  high  power  conditions,  but  it  is  hoped  to  avoid,  this 
situation  by  injecting  a  large  proportion  of  the  fuei  downstream  of  the  primary  zone  when  operating  at  maximum 
power.  The  primary  purrx«se  of  oi*s  work  was  to  test  the  veifdity  of  this  contention,  and  we  feel  that  these  initial 
results,  presented  in  our  paper  suffice  to  illustrate  the  high  potential  of  the  two-stage  concept  for  low-emission 
combustors. 


G.Kspplcr;  With  fuel  sieging,  energy  »  locally  introduced  into  the  gas  stream  and  ?!so  fluctuations  caused  by  the 
combustion  process.  It  scums  feasible  that  wi»h  an  unfortunate  tuning  tlie  fluctuations  might  be  aggravated  (as  it  is 
often  observed  in  afterburners)  and  the  nour  level  might  inercace  ana  buzz  be  detected.  Could  you  please  comment 
on  this  possibility. 


A.H.Lefebvre.  Previous  work  at  Cranfield  has  shown  that  the  noisc  emanating  from  a  gar  turbine  roiTibustor  is 
primary  a  function  of  the  velocity  and  flow  rate  of  the  exhaust  gases  and  is  virtually  independent  of  variations  la 
fuei  injection  method  and  fine*  geometry.  1  ds>  not  vOroidei  that  a  two-stage  combustor  is  inherently  more  suscep¬ 
tible  to  combustion  instabliib'  than  a  conventional  combustor.  We  have  not  cnraukiicrcd  buzz  or  any  other  form 
of  flow  instability  in  the  admittedly  iimifed  amount  of  running  carried  cut  sc  far. 


A-Quilfcv&d;  L’etude  expcri.nentafc  presentee  par  les  ao..urs  cst  insiructive.  fouiefois.  ie  riiveay  de  te>np£iature 
i  t’cQtrfc  du  foyer  »itant  modestc,  (’importance  du  m&anir.ne  “U-vrwiquc”  de  foimation  des  oxyde*  d ’azote  cs: 
tfioins  grande  qu’elle  ne  Pest,  a  regime  eteve,  dans  unc  cnembrc  de  combustion  dt  moteur.  Compte  twiu  de  I’exls- 
tence  du  inC-cafi^me  dit  du  "o,ompt  NO",  trouvcraii-cn  les  memos  gains  svec  one  l.n.pteture  (fcfttrec  plus  elerea 


A.*J.Lefebvrt:  Wc  would  expect  the  results  obtained  at  relatively  low  inlet  ar  tcmperalsres  to'  he  indicative  of  what  mighi 
be  expected  with  the  engine  operating  at  high  power  settings.  (Sin.e  the  jjfeserlation  of  this  paper  fuithur  tests  haw  been 
conducted  at  mutch  hifthtr  mle‘.  air  temperatures  and  significantly  greater  reductionsin  niuic  cxide*  obtained.) 


A.B.VVjwel,  1  should  apprecrate  you.  comment:  on  whether  a  staged  fuel  concept,  which  of  necessity  introduces 
feel  funliei  downstream  the  cowoustor,  witl  require  additional  length  to  enable  the  dilution  mixing  process  to  be 
comoleted  so  os  to  maintain  the  outie;  temperature  traverse  quality  at  i!te  Isvt-js  cu'ieni!y  found  aeccptat’c 


A.lf.Lefe>wre:  This  is  an  interesting  and  impmtzflt  question.  At  first  sisiit  it  would  spy  mi  obvious  and  logics1  that 
«i  addition'll  combustion  zone  must  entail  raidiCznal  Krasr  ieit-{th.  However,  *  am  ro:  convinced  that  thtsis  neces¬ 
sarily  true.  Firstly,  J  would  argue  that  we  Ate  n>w  prcviduig  a  more  positive  fwicfio.:  fo»  the  intermediate  zone 
which,  on  most  conventional  comho'tt-i's  plays  an  ili-defiiwd  and  snne-vhai  nebutou-.  re 2c.  Secrmdi; .  it  is  not 
fundamental  to  the  two-sn^e  concept  that  ‘fir  ivn  combustion  zones  should  be  i,i  series  Although  itiis 

configuration  was  found  convenient  for  our  rests,  *  ‘parallel"  arrangement  tor  the  two  combustor  zones  is  equally 
practical  and,  in  seme  cas<is,  mty  be  considered  more. desirable. 
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This  report  suasarizes  else  of  the  KASA  Levis  Research  Center’s  recent  efforts  ip  reducing  e 
emissions  free  turbine  engines.  VsxLsna.  techniques  employed  and  the  results  of  testing  are  brief 
scribed  and  referenced  for  detail.  The  effort  arises  free  the  increasing  concern  for  the  secure. 
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maintained  at  a  temperature  of  450  X.  Unburned  hydrocarbons  free  kerosene  fuels  are  assumed  to  havt  the 
composition  OH5. 

<jas  sampling  techciqies  va»y  from  test  to  teat.  Mo3t  samples  aro  taken  from  one  or  acre  internally 
sanifolued  fixed  rates.  Scae  gas  samples  are  taken  with  traversing  probes  011  both  segment  and  annular  ccc  - 
bus  tor  teats.  The  samples  are  transported  to  the  gas  analysis  instruments  through  heated  stainless-steel 
t»tbes.  Sample  transit  tlz«  through  the  transfer  tube  i?  minimized  by  venting  a  large  amount  of  the  sample 
flow  at  the  instruments  and  by  maintaining  the  pressure  in  the  transfer  tube  at  approximately  2  atmospheres. 
The  sampling  procedures  and  techniques  used,  follow  the  guidelines  specified  ia  SAE  125d  (ref.  5). 

Smoke  measurements  ere  also  jade  by  sampling  ut  the  eccbustor  exhaust  plane.  The  snake  number  is  determined 
by  collecting  the  particulates  on  filter,  paper  aid  obtaining  a  reflectance  reading  of  the  stain.  This 
technique  has  been  standardized  in  SAE  ASP  1179  (ref.  6). 

The  representative ness  of  the  gar  sample  is  check  d  by  comparing  the  computed  sas-sample  fuel -air  ratio 
to  the  fuel-air  ratio  calculated  fren  flow  rate  measurements.  Only  lata  obtained  where  these  fuel  air 
ratios  agree  to  within  zlS  percent  is  accepted. 

IKISSiON  SEDUCTION  H£Sl£TS  AND  DISCUSSION 

Multizosve  Combustors 

Cccbustor  descriptions.  -  Pull  annular  cccba"tor  testing  at  NASA- Lewis  ha«.  emphasized  two  combustor 
concept-  for  decreasing  burning  none  lengtn.  These  are  the  swirl -car.  combustor  and  the  double  annular 
combustor.  2 he  swirl -can  cccbustor  is  shown  in  Pig.  1  and  2.  Tne  combustor  is  of  annular  design,  0.514  a 
long  end  1.057  a  in  disaster.  The  ecu* inter  consists  uf  120  individual  swirl-can  modules  which  distribute 
CGcoustion  uniformly  across  the  annulus.  The  modules  are  arranged  in  tnree  concentric  rows  with  fuel  flow 
independently  controlled  to  each  row.  There  are  46  modules  in  the  uter  row,  40  in  the  center  and  32  in 
the  inner  row. 

The  cccbustor  module  design  is  shown  in  Pig.  3.  Each  module  prusixes  fuel  with  ai.r  in  the  carburetor, 
swirls  the  mixjtre,  stabilises  ccrhustion  in  its  wake,  and  provides  interfacial  mixing  areas  betweei 
bypass  air  through  the  array  and  the  hot-  gases  in  the  wake  of  the  module.  .Mom  detailed  information  .  _ 
swirl-cas  combustors  can  be  found  in  Sefe.  7  to  S. 

The  other  full -annulus  cccbustor  being  investigated  with  a  shortened  turning  zo:ie  is  referred  to  as  a 
double-annular,  rea  induction  cccbustor.  A  cross-sectional  sketch  of  this  combustor  is  shown  in  Pig,  4. 
Constructing  the  .combustion  are  as  a  double  -  annulus  permits  the  re  due  ii  an  of  overall  combustor  length 
vhire  maintaining  an  adec&ate  ratio  of  length  to  annulus  height  in  each  -'ocfcustioa  zone.  This  feature 
allows  a  considerable  reduction  in  length  to  be  made  over  e.  -inyle  annulus  with  the  same  overall  height. 

Individual  control  of  the  inner  and  outer  annulus  fuel  systems  of  the  double  annular  combustion  zone 
provides  a  useful  method  for  adjusting  the  outlet  radial  temperature  profile. 

The  ram-induction  combustor  differs  from  the  more  conventional  cccbustors  ir.  that  the  compressor 
diSvhsrge  air  rs  allowed  to  penetrate  into  the  combustion  and  mixing  zo-es  without  diffusing  to  as  high  a 
static  pressure.  The  kinetic  energy  of  the  inlet  air  is  thereby  used  to  promote  Tapid  nixing  of  air  and 
fuel  in  the  primary  zone,  .end  of  diluent  air  end  burned  gases  in  the  mixing  zo.ie.  3h»  airflow  is  efficiently 
turned  into  the  combustor  b>  two  rows  of  waned  turning  scoops  that  penetrate  int,  the  combustor.  A  core 
detailed  discussion  of  the  ram- induct!  on  concept  is  provided  in  Hefs.  10  through  14. 

Oxides  of  nitrogen  emissions.  -  Tne  emissions  of  oxides  of  nitrogen  (TO  t  NOg  =  5?TX)  far  the  miltizo. te 
coabusio rt  are  shown  in  Pig.  5.  Also  shown  or.  this  figure  are  da^a  from  a  single-annular  combustor, 

Bcfs.  IS  old  IS,  Thi  NDX.  emission  Inocz,  grans  of  KOg  procured  per  kilogram  of  fuel  burned,  is  shown  as  a 
function  of  the  combustor  exit  average  temperature.  The  test  conditions;  pressure,  inlet-air  temperature 
and  reference  velocity  were  the.  same  for  all  three  :cmbustors.  The  number  s  i.n  parentheses  are  the  number  of 
fuel  '.••jettion  source,  of  each  ecabustor,  Increasing  the  number  of  fuel  injection  sources  and  spreading 
tf.-e  combustion  store  inulVcaly  tksonghoir.  the  combustor  appears  to  be  a  very  effective  vay  of  leducing  the 
emission  -of  SCv.  T>.s  techniques  of  premising  fuel  nnd  air  and  rapid  quenching  of  the  ccsobusfcion  reaction, 
both  incorporated  into  Us  swirl-car.  approach,  are  also  considered  vote  a  principle  fact-r  for  producing 
the  1— cur  !K)„  emissions  of  these  combustors.  E.gare  6  compares  the  Kox  eiu‘ salon  level  for  the  three  ccc- 
buctor  types'Vitb  increasing  inlet-air  temperature  and  a  constant  exit  temperature  of  1502  K.  The  tread 
with  inciccsing  inlst-elr  temporatwo  is  an  exponential  increase  in  50,  emission  index.  The  -use  of  multi- 
tone  combustors  or  cocsustors  that  spread  combustion  as  much  as  possible  1c  a  very  effective  way  tc  reduce 
N0X  omissions.  At  an  inlet -air  temperature  of  735  K  the  swirl  can  coa.vust.-t  produces  only  £i  percent  as 
each  N0V  an  the  sore  convent  ions.-,  s  i  ngi-  -  snn  ular  combustor,  Figure  7  ftm-s  the  emissions  of  8</x  for  ‘he 
swirl-can  combustor  for  inlct-alr  teaperatmea  up  to  SvO  X  %nl  fuel  air  ratios  up  to  O.C69S.  For  the 
ASTH-Ai.  fuel  used  in  these  iozts,  the  stoichiometric  fuel-air  ratio  it  Q.0576.  This  swirl-can  combustor 
was  designed  for  .near  stoichiometric  operation  end  as  such  is  larger  than  would  be  required  for  opera*  ion 
at  mors  usual  turbine  inlet  tempera. arcs,  the  figure  chows  &  sU-cng  dependence  of  VCX  emissions  on  both 
inlet-air  temperature  ana  on  fuel-air  lafcio.  However  =5  tne  fuel-air  re  sic  is  increased  the  formation  of 
K«x  eventually  reache,  a  constant  level  ar.c  ns  stolchio*etr..c  fuel  air  ratios  are  approached  the  measured 
'oncer.tratior,-  of  NO*  war*-  iff  iced- to  decline.  Though  this  offset  is  c-r.ly  clearly  demonstrated  at  an  inlet- 
air  temperor  urc  of  5?/  K,  there  ic  no  reason  to  believe  tiw,t  absuior  effects  would  not  be  observed  at  the 
higher  islet-air  tsapera burc-s.  A  i,ove  -omplnte  discursior.  or  sir  the  omission  characteristics  of  swirl-can 
conbust-irs  can  be  icuud  in  .Hefs.  7  .-usd  8. 

The  affects  of  e-vsbuRtor  residence  sias  on  S0X  emissions  if  shown  ’,r.  fig.  8  for  tr.e  two  mull'.zonc  com¬ 
bustors.  Increasing  the  coabuvtui  rtfercnce  velocity  ( decreasing  the  residence  time)  cause -5  n  corresponding 
Increase  in  the  SO.  emission  lerejt.  The  c front  is  . Irtualry  linear  with  residence  time  as  Js  indicated  uy 
tie  d&sbed'li**-  with  a  slope  cf  nir.u.'  onz. 

Smoke  aumbry.  -  The  smoko  eaicsicns  of  tfcc  zwbri-car.  ccst-uecor  arc  shown  in  Fig.  9.  These  data  were 
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obtained  daring  a  test  to  stoichiometric  operating  conditions  at  a  pressure  level  uf  e  atmospheres,  (ref,  3, . 
S')  smote  was  detected  when  the  combustor  exit  temperature  va3  below  I960  X.  The  smote  increases  rapidly  as 
tne  overall  stoichiometric  fuel-air  ratio  is  approached.  For  comparison,  the  smote  number  of  the  double- 
omulus  combustor  at  an  exit  average  temperature  of  1500  K  and  the  same  operating  conditions  as  on  Fig.  9 
is  approximately  14.  This  illustrates  the  point  that  fue  L-air  premixing  as  occurs  in  swirl-cans  is  a  very 
effective  way  of  reducing  combustor  smote. 

Air  Atomization 

High  pressure  combustor  rests  were  made  to  determine  pollutant  emissions  and  performance  characteristics 
obtained  with  low  fuel  pressure  drop  air-atomizing  fuel  nozzles  designed  to  utilize  the  air-stream  momentum 
in  atomizing  ASTM  A-l  fuel  (ref.  17).  Similar  tests  were  made  with  pressure -atomizing  fuel  nozzles  for  com¬ 
parison.  With  the  present  trend  in  development  toward  advanced  turbojet  engines  with  high  compressor- 
pressure  ratios,  the  problem  of  developing  low  pollutant  combustors  has  become  more  difficult  at  the  result¬ 
ing  high  levels  of  inlet-air  pressure  and  temperat  ire. 

One  of  the  main  advantages  of  air  atomizing  fuel  nozzles  is  their  flexibility  in  design  in  producing 
feel  sprays  which  spread  out  fairT,  uniformly  across  the  airstrea a.  With  improved  atomization  anu  mixing 
obtained  free  air  atomizing  fuel  nozzles,  it  would  be  expected  that  nitric  oxide  concentrations  could  be 
reduced  (ref.  18).  3esides  being  relatively  simple  in  design  and  fabrication,  air  atomizing  fuel  nozzles 
are  less  susceptible  to  fuel  fouling  at  high  irlet-air  temperatures  as  compared  with  the  pressure  atomizing 
type.  -  - 

Air  atomizing  nozzles  were  tested  und"  ambient  flew  conditions  in  a  full  scale  Lucite  model  of  an 
experimental  combustor  to  determine  spray  patterns  produced  with  water  injection.  Hiotographs  taxes  at 
several  water  air  ratios  and  reference  velocities  shoved  that  a  splash  cone  type  of  air  atomizing  nozzle 
gave  a  better  distribution  of  liquid  and  a  finer  spray  cf  water  droplets  than  that  obtained  with  a  radial 
Jet  type  of  air  atomizer.  As  expected  from  vv.ter  spray  tests,  radial  Jet  nozzles  gave  high  smoke  numbers 
in  preliminary  combustor  tests.  Thus,  the  s pc  ish  cone  air  atomizing  nozzle,  shown  in  Fig.  10,  was  selected 
for  the  high  pressure  combustor  tests. 

The  fuel  nozzle  assembly  shown  in  the  figure  consists  of  a  diffuser  snout  in  which  a  portion  of  the 
air  from  the  compressor  is  captured  and  flows  through  the  air  swirler  and  around  the  splasn  cone  nozzle. 

The  air  svirlcr  produces  a  rotating  airflow  which  assists  in  evenly  distributing  the  fuel  droplets  and 
stabilizing  the  subsequent  flame.  Low  pressure  fuel  is  injected  from  tne  combination  fuel  supply  and  splash 
cone  support  through  four  0.16  cm  diaxeter  orifices  onto  the  curved  face  of  the  nozzle.  Fuel  splashes  over 
the  nozzle  lip  and  is  atomized  by  the  swirling  airstreaa.  At  the  point  where  the  airs treat;  first  contacts 
the  fuel,  the  diffuser  passage  converges  to  accelerate  the  flow  of  the  resultant  fuel-air'  mixture  which  is 
then  suddenly  expanded  into  the  combustor  by  the  diverging  portion  of  the  diffuser.  The  nozzle  assembly 
can  be  used  cither  singly  or  ir  combination  to  provide  the  required  distribution  for  nan  combustors,  can- 
anr.ular  combustors,  or  annular  combustors. 

A  high  ares sure  ccmbustor  segment  0.456  a  (18  in.)  long  with  a  maximum  cross  section  of  J.1S3  by 
0.505  a  (6  by  13  in.)  was  tested  with  the  splash-cone  air  atomizing  and  conventional  simplex  pressure  atom¬ 
izing  fuel  nozzles  (ref.  17)  at  inlet-air  pressures  of  4  to  20  atmospheres,  inlet  air  tempera .ures  as  high 
as  590  t,  reference  velocities  cf  12.4  to  26.1  a/sec  (41  to  86  ft/sec),  and  fuel  air  ratios  of  0.008  t.> 

0.020.  Pollutant  emissions  obtained  with  the  splash  cone  air  atomizing  nozzle  configuration  are  compare.* 
with  results  obtained  with  pressure  atomizing  fuel  nozzles.  Host  of  the  results  to  be  described  hr- rein 
were  obtained  at  at  inlet  total  temperature  of  590  K,  a  reference  velocity  of  21.4  m/sec,  and  a  fuel-air 
ratio  of  O.f'lS. 

The  variation  of  the  nitrogen  oxide  emission  index  with  pressure  is  shown  in  Fig.  11.  Emission  index 
generally  increased  with  increasing  inlet  air  pressure.  However,  there  was  a  considerable  drop  in  emisiicr. 
index  with  the  splash  cone  nozzle  when  inlet  air  pressure  was  increased  from  10  to  20  atmospheres.  This 
was  attributed  to  improved  atomization  of  the  fuel  when  airstream  momentum  was  increased.  In  this  case, 
acnentua  was  increased  by  increasing  the  airstream  density.  Thus,  at  an  inlet  air  pressure  of  20  atmos¬ 
pheres,  Jt  was  found  that  the  nitrogen  oxide  emission  index  was  considerablv  lower  with  the  splash  cone 
air  atomizing  nozzle  than  with  the  pressure  atomizing  nozzle.  These  tests  were  conducted  with  a  ■  ixsd  «u.r 
entry  hole  geometry.  It  is  conceivable  that  further  reductions  in  oxides  of  nitrobe..  might  be  attained  \;j 
adjustments  in  liner  airflow  distribution. 

Increasing  inlet  air  pressure  from  4  to  10  atmospheres  Increased  exhaust  smote  numbers  for  all  of  the 
fuel  nozzles  that  were  tested.  However,  smoke  number  decreased  slightly  with  the  splash  cone  nozzle  when 
inlet  air  pressure  was  increased  from  10  to  20  atmospheres.  As  previously  mentioned,  nitric  oxuis  emission 
index  decreased  in  a  similar  manner  which  was  attributed  to  improved  fuel  atomization  when  airntreop. 
momentum  was  increased.  Thus,  with  the  air  atomizing  splash  cone  nozzle,  an  improvement  ir.  fuel  stenizotior 
at  high  inlet  air  pressure  tended  to  counteract  the  general  tendency  of  smote  number  to  inc  ease  with  in¬ 
creasing  inlet  air  pressure.  However,  at  20  atmospheres  inlet  air  pressures,  the  spla»h  cor.e  nozzle  lad  n 
smoke  r.umbei  of  about  35,  somewhat  higher  than  one  of  the  pressure  atomizing  nozzles  tested  nut  lower  U,aa 
that  of  another.  It  should  be  noted  that  the  inlet  air  temperature  of  550  K  was  somewhat  below  the  assign 
"takeoff  condition  of  20  atmospheres  and  755  X  (1360  ’  R).  Thus,  smoke  numbers  are  somewhat  higher  then 
might  be  expected  at  the  desigr.  takeoff  condition  since  increasing  inlet  temperatures  teed  to  reduce  smote 
:niaber. 

Increasing  either  inlet-air  pressure  or  temperature  decreased  carbon  monoxide  and  unearned  hy>irocarbcn 
emission  indexes  with  both  the  splash  cone  and  pressure  atomizing  nozzles.  The  comparison  between  in?, 
splash  cone  and  the  pressure  atomizing  nozzle  indicated  that  both  carbon  mor.ox.de  and  unburneo  tvydivearbvnc 
were  lower  -with  splash  cone  nozzles  at  an  inlet  air  temperature  of  589  X  (1060°  R)  c.v  a  rtuigo  of  pressure 
of  4  to  £0  atmospheres  although  the  combustion  efficiencies  for  both  fuel  nozzles  were  nea.  100  percent. 
Initial  results  for  the  air  atomizing  splash  cone  fuel  nozzle  are  promising  but  a  great  deal  mere  rc-searcis 
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is  required  to  Attain  further  reductions  in  oxides  of  nitrogen  end  smoke,  and  to  evaluate  ccabustor  dura¬ 
bility  and  altitude  relight  capabilities. 

Fuel • Prevaporie&tion 

A  study  vas  conducted  to  determine  the  effect  of  prevaporization  on  the  exhaust  emissions  from  an 
experimental  combustor  (ref.  19).  Two  methods  for  reducing  oxides  of  nitrogen  are  to  reduce  the  reaction 
zone  temperature  (flame  temperature)  and  to  reduce  the  reaction  zone  dvell  time.  The  reaction  zone  tem¬ 
perature  zr.y  be  reduced  by  operating  with  a  more  homogeneous  fuel  air  mixture  that  is  either  fuel  rich  or 
fuel  lean.  The  fuel  air  mixture  could  be  made  more  homogeneous  either  oy  increasing  mixing  intensity, 
by  premixing  the  fuel  and  air  before  they  enter  the  reaction  zone,  or  by  prevaporizing  the  fuel  before  it 
enters  this  reaction  zone.  A  more  homogeneous  fuel  air  mixture  should  also  minimize  emission  products 
caused  by  incomplete  combustion.  Eliminating  the  process  of  fuel  droplet  evaporation  within  the  reaction 
zone  could  enable  a  reduction  in  reaction  zone  dvell  time. 

Operating  a  combustor  with  preveporized  kerosene  fuel  would  require  a  heat  exchanger  to  convert  the 
liquid  fuel  to  vapor  prior  to  injection  into  the  reaction  zone.  Due  to  limitations  that  might  be  imposed 

by  the  heat,  exchanger,  the  combustor  may  operate  with  only  partially  vaporized  fuel  over  a  part  of  the 

flight  conditions.  One  of  the  objectives  of  the  tests  described  herein  was  to  determine  emission  levels 
with  varying  degrees  of  vaporization  Vaporized  propane  was  used  to  simulate  vaporized  kerosene.  Propane 
was  chosen  to  eliminate  the  complexities  of  operating  a  liquid  fuel  boiler  and  because  its  burning  charac¬ 
teristics  are  similar  to  kerosene,  Two  different  dual  fuel  nozzler  were  used  to  inject  varying  proportions 
of  liquid  ASIM  A-l  fuel  and  goeous  propane  into  the  test  combustor  as  shown  in  Fig.  12.  The  experimental 

combustor  that  was  ase.  .s  similar  to  that  described  in  the  previous  section.  At  a  given  i-el-air  ratio, 

the  summation  of  the  mass  flowrates  for  liquid  ASTK  A-l  and  gaseous  propane  was  held  constant  as  the  pro¬ 
portion  of  gaseous  propane,  was  varied  from  0  to  100  percent.  Fuel  injector  Ko.  1  consists  cf  a  simplex 
nozzle  located  in  the  center  of  the  assembly  for  injecting  liquid  kerosene  end  a  series  of  eight  evenly 
spaced  holes  concentric  with  the  simplex  orifice  for  injecting  gaseous  propane.  Fuel  injector  Ko.  2  is 
a  commercial  duplex  nozzle  in  vhich  the  center  orifice  was  used  for  injecting  liquid  kerosene  and  the 
annular  orifice  was  used  for  injecting  gaseous  propane.  The  tests  described  herein  were  conducted  over  a 
range  of  inlet  pressure  and  tempera',  ure  of  4  to  20  atmospheres  and  475  to  700  K,  respectively,  a  fuel-air 
ratio  of  0.014  and  a  reference  velocity  of  21.3  m/scc. 

Figure  13  shows  the  variation  in  the  emission  index  for  oxides  of  nitrogen  with  inlet  temperature  for 
varying  proportions  of  gaseous  propane.  The  results  obtained  using  fuel  injector  Ho.  1  indicate  that  as 
the  inlet  temperature  is  increased  from  »78  to  700  K,  the  emission  index  for  oxides  of  nitrogen  increases 
from  6  to  22  for  0  percent  vapor.  The  effect  of  vapor  fuel  on  the  K0X  emission  index  is  negligible  up  tc 
an  inlet  temperature  of  about  S90  K.  The  reduction  in  that  occurred  as  the  proportion  of  vapor  fuel 
vas  increased  became  mare  significant  at  inlet  temperature'  was  inc. -eased  further.  At  700  K,  a  considerable 
Improvement  was  obtained,  amounting  to  p  24  percent  decrease  in  H0X,  as  the  proportion  of  vapor  was  in¬ 
creased  from  0  to  100  percent.  The  rcs’OLts  obtained  with  fuel  Injector  Ho.  2  were  similar  with  the  exception 
that  the  general  level  for  the  K0X  emissions  was  lower. 

Figure  14  shows  the  variation  in  f.aok r  number  with  inlet  tc  pressure  for  varying  proper.  Ions  of 

gaseous  fuel.  As  inlet  pressure  was  increased  from  4  to  20  a turn  -es,  the  smoke  number  for  fuel  injector 

Ko.  1  increased  from  12  to  17  with  0  percent  vapor.  At  a  press-,  of  20  atmospheres,  increasing  the  pro¬ 
portion  of  vapor  freta  0  to  100  percent,  decreased  the  smoke  number  by  60  percent.  Fuel  injector  So.  2 
produced  a  marked  increase  in  smoke  number  as  pressure  vas  increased. 

Fuel  injector  Ho.  1  displayed  a  higher  level  for  the  H0v  emission  index  but  a  lower  level  of  smoke 
number  than  injector  Ho.  2,  The  observed  differences  ere  attributed  to  differences  w  degree  of  fuel  air 
mixing  between  the  two  configurations.  It  appears  that  fuel  injector  Ko.  2  had  less  mixing  causing  It  to 
operate  a-  locally  fuel  rich  conditions  thus  producing  more  smoke  tut  lesser  amounts  of  NCX.  Ho  attempt 
was  made  to  alter  reaction  tone  airflow  distribution  in  these  tests.  The  results  indicate,  however,  that 
further  reduction  in  H0X  might  be  obtained  by  improvements  in  fuel  riv  mixing  (premixing!  or  by  adjusting 
the  amount  of  primary  zone  airflow. 

The  combustor  operated  at  combustion  efficiencies  near  1C 1  percent  for  all  test  conditions  described 
herein,  nevertheless,  the  emission  index  for  carbon  monoxide  decreased  significantly  as  the  proportion 
of  vapor  increased  from  0  t.o  100  percent  as  shown  in  Fig,  15.  The  corresponding  emission  indices  for 
total  hydrocarbons  were  negligible  for  all  test  conditions. 

Idle  Emissions 

Emission  of  unburned  hydrocarbons  and  carbon  monoxide  are  often  prevalent  during  engine  idle  and  taxi. 
These  emissions  are  of  primary  concern  in  the  vicinity  -<C  airports.  The  cause  of  these  emissions  is  poor 
ccabustion  efficiency  at  the  combustor  operating  conditions  typical  of  ground  idle.  Typically  these  condi¬ 
tions  a.  low  combustor  pressure,  J  to  4  atmospheres;  low  inlet-air  temperature  365  to  480  K,  and  low  fuel- 
air  ratios  of  t:.0075  tc  0,01.  Measured  engine  combustion  efficiencies  vary  frcss  89  to  96  percent.  Two 
approaches  arc  ceing  tried  in  an  attempt  to  improve  idle  combustion  efficiency.  These  ore  the  use  of  fuel 
staging  in  cr.lticane  combustors  and  use  of  an  air-assisted  fuel  nozzle. 

Fuel  s-Agjns.  -  Fuel  staging  as  applied  to  multizone  combustors  means  that  only  one  of  the  several 
possible  zones  receiver  fuel  hiring  idle.  Whtn  the  overall  fuel-air  ratio  is  ."ci stained  at  that  value 
required  for  idle  the  burning  none  has  a  significantly  higher  than  average  fuel-air  ratio.  Kith  pressure 
atomizing  fuel  nozzles  this  means  a  higher  pressure  drop  during  idle  which  in  turn  gives  finer  atomization 
and  better  combustion  efficiency.  Kith  sw_rl-can  modules  the  fuel  flow  to  the  active  row  is  high  enough 
so  that  a  well  developed  spray  is  formed.  At  very  low  fuel  flow  rates  per  module  the  fuel  has  been  observed 
to  dribble  rather  than  ’e  sprayed  from  the  swirl  cans.  The  results  of  the  fuel  staging  tests  arc  shown  in 
table  I  <nd  reported  in  detail  in  Refs.  8  and  20.  The  double  annulus  combustor  emissions  are  compared  with 
combustion  in  both  ann-ili  and  staged  tc  Inner  annulus.  Similar  data  are  shown  for  the  swirl-ear.  combustor. 
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It  is  apparent  that  large  reductions  in  emission  levels  car.  be  obtained  by  tnis  simple  technique.  The 
levels  of  pollu.cuit  reduction  demonstrated  still  say  not  be  sufficient  and  further  improvements  may  be 
required. 

Air  assist  fuel  nozzles.  -  Improving  fuel  atomization  by  using  an  air  assist  fuel  nozzle  can  signifi¬ 
cantly  reduce  unburned  hydrocarbon  and  carbon  monoxide  emissions  at  idle  operating  conditions  by  Improving 
combustion  efficiency.  This  might  be  done  as  shown  in  Tig.  IS.  Here  a  conventional  dual  orifice  fuel 
nozzle  is  modified  so  that  during  idle,  high  pressure  air  is  .njected  through  the  secondary  orifice.  Only 
1  amounts  of  air  are  seeded.  lor  higher  power  settings  the  air  would  be  shut  off  and  secondary  fuel 
would  be  injected  in  the  conventional  manner. 

figure  17  illustrates  the  reductions  in  hydrocarbons  and  caroon  monoxide  that  were  obtained  by  using 
air  assist  fuel  injection  ir.  a  dual  orifice  nozzle,  in  a  single  J-S?  engine  combustor  can  at  simulated 
engine  idle  conditions.  Increases  in  atomizer  air  pressure  (delta  p)  represent  increases  in  the  air  through 
one  orifice  of  the  fuel  nozzle.  Fuel  is  supplied  through  the  other  orifice.  The  audition  of  air  through 
the  nozzle  improved  fuel  atomization  with  the  main  effect  being  a  dramatic  improvement  in  combustion 
efficiency.  Attendant  reductions  of  approximately  80  percent  in  lydrotaibons  and  50  percent  in  carbon 
monoxide  emission  Index  levels  were  realizes.  More  details  on  this  technique,  including  a  description  of 
the  nozzle  configuration,  are  given  in  Ref.  21. 

Control  of  Ccmbustor  Airflow  Distribution 

Another  technique  which  my  have  substantial  potential  for  reducing  emissions  is  the  control  of  the 
c rdus tor  airflow  distribution  as  a  way  of  controlling  the  primary  zone  equivalence  ratio.  Two  approaches 
are  being  taken:  the  use  of  short  diffusers  incorporating  deed  for  airflow  profile  control;  and  the  use 
of  variable  combustor  geometry. 

oli fuser  tests.  -  Short  diffusers  incorporating  bleed  on  both  walls  are  being  tested  in  a  full  annulus 
test  facility  described  ir.  Ref.  22.  This  test  facility  has  the  capability  to  test  many  different  diffuser 
geometries.  Test;  navi  been  conducted  on  an  asymmetric  wall  diffusers  (ref.  23),  dump  diffusers  and  a  wide 
variety  of  sfco.t  length  diffusers  incorporating  bleed  on  both  diffuser  walls.  We  find  that  large  changes 
in  the  diffuse :  exit  flow  profile  can  be  caused  by  the  application  of  small  quantities  of  bleed  flow. 
Additionally,  bleed  can  cause  the  diffuser  to  flow  more  efficiently  and  diffuser  total  pressure  losses  can 
be  significantly  reduced. 

An  application  of  diffuser  bleed  is  illustrated  in  Fig.  18.  As  shown  in  Fig.  18(a)  the  combustor 
inlet  velocity  profile  without  bleed  has  the  majority  of  the  airflow  bypassing  the  primary  zone.  This 
condition  should  be  optimum  for  lew  pollutant  emissions  at  idle  and  enhanced  altitude  relight  capability. 

At  takeoff  ar.d  cruise  conditions.  Fig.  18(b),  the  combustor  inlet  velocity  profile  is  straightened  by 
applying  outer  wall  bleed  for  optimum  operation. 

Variable  geometry.  -  Variable  combustor  geometry  could  be  a  very  effective  way  of  controlling  the 
combustor  primary  zone  equivalence  ratic.  At  conditions  such  as  engine  idle  variable  geometry  could  be 
used  to  optimize  the  primary  zone  equivalence  ratio  *o  mi-maine  the  emissions  of  hydrocarbons  and  carbor. 
monoxide.  Similarly  at  altitude  relight  conditions  the  primary  zone  fuel  air  ratio  re -id  be  optimized 
for  reignition.  At  take-off  or  cruise  the  coat  ... ;or  geometry  would  again  be  charged  and  now  optimized 
to  minimize  smoke  end  oxidies  of  nitrogen.  At.  present  the  only  variable  geometry  configurations  being 
studied  are  for  improved  altitude  relight  and  improved  idle  emission  control.  This  work  is  being  dene 
on  a  modified  version  of  the  double-annulus  combustor. 

Water  Injection  Tests 

Direct  injection  of  water  into  the  primary  zone  of  a  combustor  is  another  very  effective  way  to  mini¬ 
mize  the  emissions  of  oxides  of  nitrogen.  Hove-  er,  practical  aircraft  considerations  limit  the  use  of  water 
injection  only  for  takeoff.  Water  injection  lowers  the  flame  temperature  and.  serves  as  a  diluent  ir.  the 
air  stream.  Both  effects  reduce  the  maximum  combustion  temperature  ar.d  thereby  reduce  the  emissions  of 
N0X.  Figure  19  compare;  data  for  throe  different  combustors  all  using  slightly  different  techniques  for 
direct  water  injection.  The  ratic  of  K0X  emission  indices  with  and  without  water  injection  is  shown  as  r 
function  of  the  water-air  ratio.  Water  injection  in  the  single  annular  combustor  was  by  spraying  water 
into  the  combustor  snout  upstream  of  each  fuel  nozzle.  Water  injection  in  the  segment  combustor  was  Iron 
the  secondary  ports  of  the  nozzles  used  for  comparison  of  propane  fuel  injection  (nozzle  Ko.  1,  fig.  12). 
Water  injected  in  this  manner  mixes  much  more  intimately  with  the  fuel  and  is  significantly  more  effective 
in  reducing  HO,,  emissions.  These  effects  however  do  influence  the  levels  of  other  pollutants  as  combustion 
efficiency  cay  he  lowered  by  water  injection.  Sene  increase  ir.  CO  levels  during  water  injection  have  been 
observed  but  are  not  considered  to  be  significant  in  view  of  the  low  values  without  water  injection. 

Inlet  air  humidity.  -  Variations  in  inlet-air  Humidity  have  been  shown  to  reduce  the  level  of  oxides 
of  nitrogen  emissions.  Tests  were  conducted  using  the  single  annular  combustor  described  previously. 

Water  was  sprayed  into  the  inlet-air  far  enough  upstream  of  the  ccnbustcr  so  that  it  would  be  completely 
vaporized  before  reaching  the  c  embus  tor.  The  rcs.iltr  of  these  tests  are  shown  ii.  Fig,  20.  Data  were 
obtained  over  a  wide  range  of  inlet-air  temperatures  and  humidities.  The  t tends  with  increasing  humidit;, 
are  the  same;  an  exponential  decrease  in  the  H0K  emission  index  with  increasing  humidity. 

Alternate  Fuels 

The  single  annular  combustor  cf  Ref.  IS  has  been  tested  with  natural  gas  fuel.  Reference  25  elves 
details  of  the  work  done  to  determine  eus  optimum  method  of  injecting  natural  gas  fuel.  natural  gas  does 
not  display  stable  combustion  over  as  xide  a  range  of  operating  conditions  as  conventional  kerosene  feels 
used  in  aircraft  turbine  engines  in  spice  of  its  higher  heating  value.  The  narrow  ccobustible  limit),  end 
high  chemical  stability  account  for  tho  poor  performance  of  natural  gas  fuel  at  off  design  engine  operating 
conditions,  Refs.  26  and  27. 


Natural  gas  does  have  an  advantage  over  keorsene  fuels  in  its  veil  doo wanted  tendency  to  produce 
lover  eaissions  of  N0X  (ref.  28).  Figure  21  compares  the  emissions  of  K0X  for  ASTM-A1  fuel  and  natural 
gas  fuel  over  a  range  of  inlet-air  temperatures.  Exit  temper at ure  was  constant  at  approximately  1500  K, 
combustion  efficiency  vas  appropriately  100  percent  and  test  pressure  was  6  atmospheres,  an  general,  the 
use  of  natural,  gas  resulted  in  approximately  a  fifty  percent  reduction  in  NQX  emissions.  In  an  attempt 
to  further  reduce  th.  emissions  of  K0X,  direct  water  injection  was  tried,.  As  expected,  the  combustor 
performance  va«s  severely  degraded.  At  an  inlet -air  temperature  of  590  X,  the  combustor  blew  .out  at  a  water- 
air  ratio  of  C.02S.  Direct  water  injection  was  marked  by  noisy,  unstable  combustion  and  red,  ed  combusion 
efficiency.  Gas  analysis  data  show  that  about  90  percent  of  the  combustion  inefficiency  is  due  directly' 
to  unburned  fuel.  Where  combustion  could  be  maintained,  the  use  of  direct  water  injection  did  decrease 
the  emissions  of  N0X. 

CONCLUDING  REMARKS 

Research  on  most  o>?  the  combustor  concepts  mentioned  will  be  continuing  in  an  effort  to  better  under¬ 
stand  ways  of  minimizing  the  pollutants  from  combustors.  The  goals  that  have  been  established  for  future 
gas  turbine  engines  will  require  that  there  be  new  technology  in  ccmbustor  design.  Several  trends  and 
approaches  are  well  understood  but  with  the  exception  of  exhaust  smoke  have  yet  to  be  demonstrated  on 
flight  engines.  In  addition  to  the  aircraft  engine  emissions  research  being  conducted  "in-house"  by 
KASA/Lewis,  a  contracted  effort  designated  as  the  "Experimental  Clean  Combustor  Program”  has  recently  been 
initiated.  The  goal  of  the  "Experimental  Clean  Combustor  Program"  is  to  make  a  substantial  reduction  in 
all  pollutant  levels  of  advanced  CTGL  engines.  The  primary  emphasis  of  these  contracts  will  be  to  demon¬ 
strate  a  75  percent  reduction  in  !fCx  emissions.  However  there  will  also  be  attempts  to  significantly 
reduce  the  eaissions  at  idle.  Diaonscration  of  the  best  ecabustor  concepts  will  evenutalfy  include  ground 
static  tests  in  a  large  high  pressure  ratio  engine. 

REFERENCES 

1.  Hott,  M.;  Baker,  P..  C. j  Distress,  E.  K.;  Change,  K.  M.j  and  Siegel,  R.  0.:  The  Potential  Impact  of 

Aircraft  Emissions  Upon  Air  Quality.  Rep,  1167-1,  Northern  Research  and  Engineering  Corp.,  IF 71. 

2.  Sawyer,  R.  F. :  Atmospheric  Pollution  by  Aircraft  Engines  anC  Fuels.  ' uARD-AR-40,  1972. 

3.  Anon. :  Proceedings  of  the  Survey  Conference,  Climatic  Impact  Assessment  Program,  Rep.  DOT-TSC-OST- 

72-13,  Department  of  Transportation,  1972. 

J.  Grobncn,  J.;  Jones,  P..  2.-  Mare’-,  C.  J.;  and  Miedzt'iecki,  W.:  Combustion.  Aircraft  Propulsion. 

H'SA  S P-259,  1971,  pp.  97-134. 

5.  Anon.:  Procedure  for  the  Continuous  Sampling  and  Measurement  of  C-asecus  Eaissions  from  Aircraft 

Turbine  Engines.  Rep.  ARP  1256,  SAE,  Oct.  1971. 

6.  Anon.:  Aircraft  Ga..  Turbine  Exhaust  Sock*  Measurement.  Rep.  ARP  1173,  SAE,  Kay  1970. 

7.  I(ied2veicki,  R.  W.;  and  .loses,  R.  5.:  Pollution  tteasurenenti  of  a  Swirl-Can  Combustor.  NASA 

Tft  X-S6160,  IS 72. 

S.  Nledzwiecl.1,  A.  H.j  Trout,  A.  M.;  Mularz,  S. ;  Performance  cf  a  ivirl-Can  Combustor  at  Idle  Conditions. 
NASA  TK  X--SVS,  1972. 

9.  Niedzv..ecki,  P.  W.j  Juhasz,  A.  J.;  and  Anderson,  D.  N. :  Performance  of  a  Swirl-Can  Primary  Combustor 
to  Outlet  Temperatures  of  3600°  F  (2256  K).  NASA  7M  N-529C2,  1970. 

10.  Perkins,  P.  j.;  Schultz,  D.  and  Wear,  J.  D. :  Full-Scale  Tests  of  a  Short  Length,  Double -Annular 

Ram-Induction  Turbojet  Combustor  for  Supersonic  Flight.  NASA  TH  D-6254,  1971. 

11.  Clements,  I.  R. :  30-Degree  Sector  Development  of  a  Short  Length  Combustor  for  a  Supersonic  Cruise 

Turbofan  Engine.  Rep.  PVA-ER-3790,  Pratt  5  Whitney  Aircraft  (NASA  CR072734),  1970. 

12.  Schultz,  j*  F.j  and  Perkins,  ?.  J. :  Effects  of  RadirJ.  and  Circumferential  Inlet  velocity  Profile  Dis¬ 

tortions  on  Performance  of  a  Si.crt-Lepgth  Double-Annular  Rec-Inductior.  Combustor.  NASA  TH  D-&V05,  1972 

13.  Schultz.  E.  F.;  and  Mularz,  S.  J. :  Factors  Affecting  Attitude  Relight  Performance  of  a  Double-Annular 

Earn- Induction  Combustor.'  NASA  TM  X-2630,  1972. 

14.  Clements,  7.  S. :  Development  of  a  Short  Length  Combustor  for  a  Supersonic  Cruise  Turbofan  Engine 

Using  a  30  Degree  Sector  cf  a  Full  Annulus.  Rep.  FWA-FR-4834,  Pratt  &  khitney  Aircraft  (NASA 
CR-120509),  Apr,  1S72. 

15.  Wear,  J.  D. ,  Perkins,  P.  J. ;  and  Schultz,  D.  F. :  Tests  of  a  Full-Scale  Annular- Induction  Combustor 

for  a  Mach  3  Cruire  Turbojet  Engine.  NASA  IN  D-6041,  1970. 

16.  Rusnak,  J.  ?  ;  and  Shadowen,  J.  K,:  Development  of  an  Advanced  Annular  Combustor,  Re?.  FWA-FS-2832, 

Pl-att  A  Whitney  Aircraft  (NASA  CR-72453),  Kay  30,  1269. 

17.  Ingtb o,  R.  D,;  and  Norgreu,  C.  T. :  High  Pressure  Ccnbustor  Exhaust  Emissions  with  Improved  Air- 

Atcwizing  and  Conventional  Pressure  Atomizing  Fuel  Nozzles,  Proposed  NASA  Technical  Note. 


Porrpei,  F. ;  and  Keywood,  J.  R. :  The  Role  of  Mixing  in  Burner  Generated  Carbon  Konoxidr  and  Hitric 
Oxide.  Rep.  722;  Dept,  Kech.  Eng,,  Massachusetts  Inst.  Tech,,  Feb.  1972. 


ist  ii-fjusa,  j .v/ts. 


29.  Hilt,  M.  B. ;  and  Johnson,  R.  H.:  Nitric  Oxide  Abatement  in  Heavy  Duty  Ztj;  Turbine  Coab  store  by  Means 
of  Aerodynamics  and  Water  Injection.  Paper  #72-01-53,  ASMS,  Mar.  1972. 


cier.cy 


>200 

15 


92  93  1 152 


pressure  loss  of  the  swiri  can  combustors. 

R. EJor.es:  Total  pressure  losses  for  swirl-can  combustors  generally  vary  between  3.5  to  6  percent.  Reference  9 
of  my  paper  gives  more  specific  data. 

A.Glasstnan:  On  the  swirl  atomizers  you  ha'  e  c  small  flame  holder  plate;  do  you  have  photographs  of  these 
plates  during  combustion? 


M.Whittaker:  Comparing  Figure  1 3  with  Professor  Sawyer’s  correlation  of  700  K  gives  a  higher  value  cf  22  compared 
to  15  fer  conventional  chambers.  I  am  comparing  your  combustor  with  production  co.nuustors;  isn't  this  combustor 
to  reduce.  NO? 

REJories:  No.  These  sector  combustors  were  done  only  to  illustrate  the  potential  reduction  in  NO ,  by  using 
vaporized  fuel.  This  combustor  was  not  designed  to  be  a  low  NOx  emission,  combustor. 

C.Eatock:  i  wish  to  congratulate  the  authors  for  a  fine  job  of  surveying  ?  large  amount  of  work  in  one  *  ancise 
paper.  Figure  20  shows  humidity  effects  which  from  memory,  appear  close  to  theoretical.  On  cut  recently  con¬ 
cluded  program  on  low  NOx  auto  gas  turbine  combustors  for  &PA,  we  confirmed  this  for  noiwetcnerative  engines 
at  about  500  K  while  at  higher  temperatures  characteristic  of  regenerative  engines,  we  found  criy  fuJf  the  effect 
for  reasons  not  understood.  What  percentage  of  air  was  used  at  AP  80  psi  in  Figure  17?  The  efficiency  indicates 
almost  a  10  times  reduedomof  pollutants  -  perhaps  a  little  more  than  the  CO  and  ll/C  graphs  show. 

R.EJones:  You  are  correct  These  humidity  values  are  close  to  theoretical  particularly  at  higher  inlet-air  temper¬ 
atures.  At  lower  inlet  air  temperatures  the  theory  predicts  a  greater  reduction  in  NOx  than  was  measured.  1  suspect 
that  this  partially  accounts  for  the  results  you  have  obtained  with  regenerative  engines. 

The  '..'.sets  shown  on  Figure  1 7  at  a  AP  =  80  psi  require  about  ‘/*  of  1  percent  of  the  combustor  air  flow. 

The  discrepancy  in  efficiency  versus  emissions  measurement  is  due  primarily  to  calculating  the  efficiency  at  low 
temperature  rises  from  thermocouple  data.  The  emissions  data  war.  obtained  initially  from  batch  samples  but  has 
been  recently  confirmed  using  the  on-line  gas  analysis  instruments. 
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SESUHE 

Les  no yens  proprcs  A  reduire  la  pollution  des  turboreacteurs  scat  oxaainfis  du  point  de  vue  du 
constructeur. 

Lea  rendements  au  raltnti  des  moteurs  moderncs  5  chaobres  annulaires,  out  atteint  dus  niveaux  assez  elevSs. 

II  esc  possible  d'filirainer  praciquement  les  Emissions  de  fumles  visibles  par  I’eiroioi  de  techniques  d'injec- 
tion  aporonriges.  Mais,  1 'augmentation  des  taux  de  compression  et  les  vitesses  de  vol  superuoniques  sont  res- 
ponsables  d'un  accroissement  des  emissions  d’oxydes  d'azote. 

L' injection  d'eau  esc  un  ooyen  sfticace  pour  coabattre  la  formation  de  ces  oxydes,  mais  elle  n'est  pas  appli¬ 
cable  en  croisiSre  D’autres  setbodes  soct  conccvables  pour  r£duire,  dans  tous  les  cas,  1 'emission  das  oxydes 
d'azote,  tout  en  diniauent  telle  des  imbrulfis  au  ralenti  (CO  et  HC),  mais  elles  conduisent  &  des  chesbres  dc 
combustion  plus  complexes  e.r  posent  des  problSmes  de  poids,  d 'endurance,  de  fiabilite  et  de  prix. 

Le  foyer  de  rechauffe  de  l'Olyapcs  ne  produit  ,\L  oxydes  d'azote, par  suite  <iu  niveau  oodaste  dc  la  tempfirature 
de  la  f la  time,  ni  particules  dj  csrbone.  Mais,  dans  certainscas  de  fonctionnement,  on  constate  la  transformation 
d'une  partie  de  1'oxyde  nitrique  NO  gmis  par  la  ehambre  en  pgroxyde  NOj  visible  3  V'fichappement. 

Les  reactions  de  combustion  de  1'oxyde  de  carbone  et  dea  hydrocarbures  produits  par  la  rechauffe  *e  poursuivent 
aprSs  la  sortie  de  la  cuyJre  danr  le  ccaur  potential,  du  jet  et  dans  les  premieres  phases  du  aglange  avec  I'air 
ambiant.  Le  rciideuent  acteint  est  dans  certains  cas  c»sc2  Sieve  (de  1'ordre  de  0,995).  Pout  un  taux  de  rechauf¬ 
fe  maximal,  l'ingenieur  ne  p*ut  guSre  anSliorer  la  situation  presente,  mais  pour  des  taux  plus  modeai.es  une 
tiduci-ion  de  la  nssssa  finale  d'imbruJge  emise  est  possible  par  une  meilleure  optimisation. 
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1.  INTRODUCTION 

L'impor'ance  du  trafic  aSronaucique  est  3  1'heurc  actuelle  lelle  qu'il  ,?t  apparu  necessaire  de 
rSdeire  1' importance  da  la  pollution  au  sol,  3inon  en  altitude. 

Cea  novwelles  exigences  peuveut-elles  etre  satisfaites  par  des  modifications  de  la  technologie  de  combus¬ 
tion  ?  C'eac  une  question  qui  se  pose  aux  aotorietes,  et  qiie  nous  examinons  dans  cette  communication. 

II  nous  a  semble  souhaitable  de  faire,  on  premier  lieu,  une  brdve  vevue  de  la  technologic  actuelle,  des 
olcanismes  de  production  des  polluar.ts  et  des  niveaux  ds  pollution  des  moteurs,  an  metcant  1 'accent  sur 
lea  risultats  acquis  3  la  SNECMA,  uarticuli&rcaent  pour  la  rechauffe  utilit.ee  eui  le  notjur  Olympus. 

Snsuite  nous  indiquons  les  voies  qui,  selon  nous,  peuvent  Sere  suivies  pear  dirainver  les  niveaux  de  pol¬ 
lution. 

XI  convient  de  signaler  que  la  nature  et  la  quantitS  des  polluants  Sals  dependent  du  combustible.  Les 
carburSacteurs  d' aviation  s.  >  -  des  melanges  J' hydrocarbures  done  les  nropriftSs  physiques  et  chimiquer. 
varient  quelque  peu  er  fonctivr.  de  1'origine  du  brut.  Ces  propriStes  sont  reglemantees  par  des  corses 
qui  fixent  cirtaines  iiaites 

Le  probleme  de  la  pollution  se  pcserait  de  faqon  dvfffirente  si  l’on  envisages' t  uc  modifier  1c  enrborant 
p»»-  des  traiter»ence  chiniques  (par  example  :  dSearomatisation)  ou  d’utilisar  des  combustibles  nouveaux 
corce  le  mfithace  ou  1  *hydrog?ne. 

les  carburdecteurs  classiques  cu  '-Verocgnec"  seront  seuls  consideres  ici. 

2.  LA  TECHKCLOCIE  ACTUELLE  DES  FOYERS 

La  technologic  rfisulte  des  qaalitfis  exigScs  et  des  conditions  de  fonctionnement. 

Lea  qualitds  exigdeo.  bisn  connues,  sunt  les  suivante*  : 

-  foible  masse  et  faible  volume, 

-  faible  perte  de  charge  (diminution  de  pression  totale) , 

-  stability  de  combustion  dans  toutes  les  conditions  dc  fonctiosuement  et  facility  d’allumage  et  de  rSal- 
lvwagc  es  vol, 

-  rendement  do  combustion  le  meilleur  possible  (diminution  de  la  consummation  de  cncburant) , 

-  longue  durSe  de  vie,  entretlct  f-ciiq,  prix  acceptable. 

En  outre  la  chambre  priccipale  doit  etre  conpue  cn  sort*  que  la  repartition  de  tempSratuie  3  1 'entree  dc  le 
turbir.e  soic  assez  uniforme. 
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Certaines  de  ces  exigences  sent  eentredietoires.  illles  ne  peuvent  etre  satiefaitoe  que  do  fa- 
qon  approchee  eo  accept  »ut  des  cooororais. 

La  reduction  de  la  pollution  ast  une  exigeuce  uouvelle  qui  accroSt  la  coaplfixitS  eu  problSme,  rfej £  tr8# 
difficile  3  resoudre  pour  lee  rx.vurs  mojernes  3  hautes  performances  (r£ £.  !  at  2). 

II  flue  cependant  noter  qu'uo  atfert  a  deja  Stfi  accompli,  avee  succes,  pour  la  rfdueticn  dc:  fvmfces  vi¬ 
sibles. 

Les  conditions  ehenaodynamiques  de  forrllonneacnC  de  la  chsnore  principale  aont  tr8s  variables  euivant 
le  rSgime  du  raoteur,  la  vitesse  de  vol  et  !  ^altitude  :  la  taupdrature  et  la  pression  d'eatree  sene  erJa 
basses  pour  les  conditions  de  rfiallumage  en  alt.tudi  (teapgiratures  di  I'ordrc  de  240  3  290®K  ei  pressions 
de  0,3  3  0,5  bar). 

Ces  conditions  sont  trSs  efiveres  pour  la  combustion. 

Aux  rSgines  de  decollage  et  de  croisiSre  les  grandeurs  correspoi, dances  sont,  au  contrrtJ.re,  tr6s  feleveas, 
co  qui  pose  des  pioblSmes  de  tenue  tb.er1r.J4uc  et  de  tenue  mecanique  de  la  chembre. 

Pour  les  inoteurs  modernes,  la  temperature  .3  l'ectree  de  la  chambro  pent  atteindre  700  8  870’K  et  1.  pres- 
sion  30  bars. 

Le  rapport  de  melange  Dc/Da  (quotient  du  debit  de  combust Jble  par  le  debit  d'eir)  est  ..rSs  va¬ 
riable.  La  valeur  maximal®  est  atteinte  au  decoilnge  (0,015  3  0,0  JC  suivar.t  les  noteurs),  raais  la  combus¬ 
tion  dolt  pouvoir  se  maintenir  3  des  richeaees  plus  Slevees  pendant  les  accelerations. 

La  valeur  minitaale  est  atteinte  en  decSldration  :  use  limite  pauvte  de  stabilitS  dc  l'ordre  de  0,003  est 
necessaire. 

Lc  debit  r£duit  ou  fonction  d'Seoulement,  Da/T/P,  est  par  centre  asscz  pen  variable. 

Dans  le  cas  de  la  rechauffe,  les  conditions  theraodyramlques  de  fonctiosmeatrt  sort  fort  dififirentes, 
mais  el  les  sont  -.vjins  variables. 

Pour  1 'Olympus,  l'  pressicn  est  dc  l'ordre  de  3  bars  pendant  le  dSeoilage  et  de  1,8  bai  pendant  1‘accf- 
lgration  tvanssenique  (entre  8000  et  14000  a),  la  tempdiatur*)  ties  gaz  3  I'er.i  /6i  Stant  de  !<I60'K  at 
960°K  pour  ces  memis  phases  de  vol.  Le  rapport  de  ndlange  global  du  ooteur  Olympus  est  aseez  Icin  du 
rapport  stcechiooJtrique  :  de  1‘nrdre  de  0,036  au  ^collage  et  variable  de  0,030  3  0,025  pendant  xe  vol 
transsonique. 

Cette  rechauffe  n'est  que  "partielle". 

Les  conditions  de  foncf ionnemenc  ct  les  qualites  rSclaoSes  pour  la  rechauffe  Stant  trfiu  diffSrentrs  dc 
celles  de  la  chambre  principale,  les  techniques  employee a  sont  rScessairement,  elles  aussi,  C:  8s  dif¬ 
ferences. 

La  figure  I  represente  la  coupe  d'une  chaabr*.  de  combustion  principale  annulaire  typique. 

L'air  s^rton ‘  d-i  .  w ,  retsc  ;r 
traverse  le  "tube  8  fiance'1 
par  un  ensemble  d 'orifices  rfi- 
guliercnent  repartis. 

La  premiSre  fonction  du  tune  3 
flacme  est  le  partage  de  l’nir  en 
au  coins  trois  fractions  :  1'eir 
de  combustion,  l'air  de  dilution 
et  l'air  de  protection  cheroique 
(par  effet  de  "film-cooling'1) . 

En  secoo4  lieu,  le  Cube  3  flam- 
ce  doit  .'Ser  une  structure  d’S- 
coulemenu  -le  jets  turbulent* 
propre  5  assurer,  d'une  part, 
les  recirculations  de  gar:  bralfis 
necesssires  L  la  stabilisation 
de  la  flamme  et,  d 'autre  p^rt. 
lc  niveau  de  turbulence  suft'i- 
sant  (figure  2). 

La  croisienc  fonction  du  cube 
a  flaooc  est  la  protection  tber- 
ssique  des  carters.  L’iojection 
du  combustible  se  fait  par  la 
tete  dans  la  zone  de  cocb-ation, 
soit  directeaent  dans  la  lian¬ 
as  par  des  injecteurc  3  pulveri¬ 
sation  meennique,  soit  aprSs 
pr&sSlange  plus  ou  moius  couple* 
avec  uue  par tie  de  l'air  dc  com¬ 
bustion  par  "prSvaporisation" 
(figure  3  ct  rSf.l  et  3)  cu  par 
"pj»lv6risatioc  a'rodyn unique" 
("air  blast  atomisation”) . 
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Pour  que  la  stabilitS  et  1c 

m  sot  riuEtim  I  NllflFlilliRjlli  I  Buffisants  dsn-,  leg  conditions 

%r  \  .  theemdynajaiques  dvfavorablcs  eve 

J  _ _  rr-~*kr  d£marrsge.  au  sol  ct  du  r&rtlu- 

_ ^-— y — — y -  "  jgggf  en  altitude,  il  est  ndees- 

j,  _  ’  \  Cnr,fW_*_ PT^y*P^f?  saire  que  la  riehesse  cayenne  tie 

>  LQri t if*  pnmaflgjj  .  tt.  N..  1*  sene  de  coacustion  suit  assez 

>  •  ^  '  S\  ;  ■  ■]<*»!— prpche  de  1’uhicS  (rapport  dc 

■.  s'. — 7'iT — S  /  — ■.■-’.yr-v-  — - — 1  refiianse  da  0,068  cnvicon,  pour 

'•  -  vC— ~7  I  l  *  lo  kSrosene) .  Cette  condition 

,  -J  /  TT*  QnifeJS  jusrifie  )e  fractionnrrtnt  de 

\  '  'w,  j  \  1’air  par  la  tube  3  flame. 

‘  /  v.  \  Unc  .one  de  combustion  assez  ho- 

\ S| — JJTJS-  _  oogene  et  courts  est  obtenue 

|  _  par  une  recirculation  ds  1 ’6" 

“■  CuttMfasl  "N  couleacnt  sous  la  foroe  d'un 

\7  j  double  vortex  occupant  t^ute 

— *  I  la  section  droite  de  la  zone 

'-/-■  ; _  /  primaire  du  tube  3  flame 

/  1 — ~^r'  )  !  (figure  2,  ref.l  fit  2). 

,~fniti»ur  j  J  La  structure  d'ecouloaenr  *dS  \ 

quote  depend  do  la  geosSlrie 
<i9'*  du  tube  3  flaaoa,  Je  l:eup!a- 

1  ceraeit  des  orifices  ct  de 

leurs  dimensions. 

Ocs  critirea  dSduits  de  l’experiesee  ti.tent  le  choix  de  ;ei  paxacCtre3.  II  en  result e  des  noebres  de 
fjacb  fooyena d ’ £coulcacnt  dc  l’ordr’  de  0,34  3  0,07  environ,  suivai.t  le  type  d-  aotcut  (ce  utrebre  de 
Kach  Kcyen.de  ffiferencs  est  conventionneilesent  calculi  dans  la  sectiv n  droite  tsaxinale  entvo  carters 
pour  lea  conditions  de  softie,  du  cccpresaocr) . 

Le  n sabre  de  Mach  des  jets  d’air  determines  par  les  orifices  du  tube  li  flame  est  de  l'ordre  de  0,17  & 
Or25. 

Le  choix  de  la  valcur  do  debit  d’air  de  combustion  est  important. 

Les  factcurs  3  prendre  en  conrote  sont  les  rendcaents  et  les  stability.?  de  combustion  de—  differents  re¬ 
gimes  et  auaai  d’autres  qualites  relies  que  I’unifoaaitfi  ds  tempCrature  au  decollage,  I'absence  d- 
fuades  yisiblea  etc... 

Genferalenent,  la  riehesse  coyenr.e  dao;  la  zone  de  combustion  pour  la  croisiGr-  est  thoisie  au  voisinage 
de  I’unitS.  La  chanbr*  de  conbusti-jn  eet,  dans  ces  conditions,  ’’adaptee”  en  croiaifere. 

1^  sasse  volumique  des  gaz  3  I'encree  du  foyer  de  rechauffe  est  bcauccup  pius  f.nibie  lu'S  i'cn.rce  de  la 
chuubre  principal'.  11  f ant,  par  coas6a’,ent" 'edaet tre  ,  3  .'.'entree  de  la  chanW  de  reefc^uife,  ua  noo- 
bre  de  Kach  pour  1 1  ccoule'ctci  xaoyen  beaucoup  plus  clevfi  q>ie  dans  le  chasbre  prir.cipaie  , il  atteint  0^0 
3  0,40) . 

II  n’est  plus  possible  d'envisager  une  structure  d'ecoulcment  analogue  3  cello  d'un  foyer  benog'ne  1 
taux  de  rccircu.ation  Sieve.  '  _ 

Lea  zones  de  recirculation  sont  loctlisees  nn  av-1  d’un  ou  de  plusieurs  obstacles  ou  "accroche-flasraeu’ 
situSs  dans  la  veins  orSalablciiWiit  carburea  (figures  4  et  5). 


mVAfORGATEUR 

(TfYM  SfiECHA) 


DiMuseuf  (lu,,  » T'd 
I 

ftii.  rhailli  Z 


D  'luseur  Hu*  c'naud 


Carter  extsrieur 


Tuyere  a  volets 
j  oulliptes  el 
’>v-  gertjou  variable 


_ _ - ■ — -  \  T  I  TT  |  |  ]  gerlioii 

; - A — 7-p  Aj  i\l  1  i  iX' 

■  i  ;  /  n\  \  Chemise  de  protection  Itvcrmiquc 

1JJ  j 

j  /  jV”  ^Rampes  d'bijec'ion  primaircs 

>  structural!*  /  1  !  /  F>  \ 

V  I///  -\  • 


7  !/// 


Tdlc  de  contluenc*  i,y 


Stabilwzteur  JUi*  chaud 


Ramgis  d'lojectiaii  ar.tont  -hi  secondaires 


Suhfrca  d’unc  chambre  do  rechauffe 


dlta^tcs-cat  dasa  -i',^c<-si«!>«at  an  scoitt  da*  stabilisateur*  de  flanssc 


L'ecouleeent  deJ 
gss  b ruler  ea  aval 
d'unc  aone  de  recir¬ 
culation  joue  lc 
rdl<  d-une  iles&i 
pilotc  3  partir  dc 
loqusllt  la  combus¬ 
tion  se  propage  su 
rest-  de  i’ecoulc- 
o<;et  'larburil.  La 
fcone  de  propagation 
s'accrcTt  pat  l’ef- 
fec  des  traesferts 
turbulence  qui  r6- 
suice-t  de  I’accc- 
Itr.atirm  des  gax 
bruiSs.  13  cww«s- 
tioc  sc  pou.’suit 
ensuita  dans  one 
acne  de  post-llsasc 
oG  Ins  vite*,sec  s'j- 
ci£oro:5ent  et  la  t:ct 
bolcnct  »ifi=»rtit. 

La  protection  thar- 
oiqjc  du  cart*,  ast 
assurde  par  >_«e  che- 
adse  siejtle  cu  3 
-ila  cocling  f" ij..*). 
L’ injection  rst  faiti 
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V  i  g .  5  -  S'.h&ca  de  ptincipa  Je  Ic  combustion 
(V'.ai-  un  foyer  de  rechauffe  de  turbo - 
rfiacceur- 


3.  1A  502MAXI0S  DilS  VOH.bnHTS 

n  eat  ^;c'a  it  note?,  tout  >2 ‘sherd,  qua  La  bat  3  attsindre  n’est  pas  d'evvter  la  formation  dee 
polluar.es,  male  bien  finslaaent  l*ur  rejet  dans  I'ataoephevo,  cc  qui  o'est  pa*  la  oeae  chose, 
ie  carburmt  xn’e'..iS  cans  *  a  chenbro  esc  ua  pollusnt  pr^alablecen.*  ’’forjC",  le  probl&te  oajeuz  est  ue.  le 
{•ruler.  Xfcio  telle  ccabustiea  s’accoffipagne  aecnsT-i retain t  da  la  furcation  de  poltua.it*  interaf-diair<*s , 

.  tele  que  CO. 

XI  /  r.  none  bieh  up  double  aspect  do  "format ino"  et  it  "destruction"  des  pollucnts. 

3.:.  Les- processus,  fondancntyix  d«  ccabvation 

Cc*  processus  de  cocoustivii  soar  dfiterainSs,  fin  premiei  lieu,  par  la  rapiditS  le-  tranaf  ones -ions 
chLllgoes  rdsultuct  de  l*€tat  physique  ot  critique  local.  II  a’agit  dr  =:ransfocmtiuas  irr£v<»rclbl.t:3 
qui  obSxesaat  4  dcs  lois  de  cinStiqiic  ca  nilicu  gazeux  hcnogSnu  ou  en  tailiea  hCtSrogfns-'(conbuot ion~ 
de*  pafticules  dc  Carbone; » 

En  deuxitue  lieu,  la  cocbustior  dsns  un  fc'/er  est  condicionaSc  pkr  la  rapiditS  de*  teansfetts,  es- 
scr-tiellrccnt  turbulents,  qui  dint  necess*i~ea  pour  ootenir  up  6 ’■at  lunai  .'jvoraoie  aux  reactions 
cfcisiqmr. 

Cat,  Irertsforts  turfculrass  sont  dSterxinS"  par  les  gradients  de  la  vitessc  d’Scoulcment. 

Can.'  eofteine-v  tones  do  foyer,  la  p^-jceesus  global  est  csscniicliemtnt  gouvernS  par  la  cinBtique 
cViatqne,  C*ost  le  ces  des  zuoec  dr  post-rlssasc.  ?zt  centre,  dans  d'auttcr  regions,  cocoe  la  zona 
"f  pretaget ior.  d'uta  reChRUt.fc,  lev.  eradirticc  C 3  vitsese  so««t  acojmpagt.Sa  de  gradients  d«  tenpSra- 
:uee  Les  phSawSuCS  chiriquio  at  aS’.o-iys'-saiquea  sent  coupIC-s  ct  la  rapidite  d«  1‘  elution  chi- 
icirar  dSoiend  des  deua.  phSnotSci*#. 

1.5  cioftirtu?  uc  combustion  Jer  lydroc-lrburu*  cot,  xx  It  ?ast,  crus  cosplexe  Tiais,  c  odenr,  on  pent 
solvent.  oLter.it  use  repr">et.t cti-,-T.  vclabit  en  coniidStanc  la  ccabu'tion  coicte  une  r  faction  rfciroique 
d'rtd.r  voisiu  de  i,  if.ivcl",  du  point  an  vuo  cinStique  par  line  eactgie  c'tosivatic.i  ct  un 
fscfceur  d-_  frSqu'-ncc, 

yfiv,  cam  ccr«uait?s  Is*  lain  dc*  BScsnirsa®  coispl.cpes  pour  losquexs  cinetiquc  et  turbulence  sont  rou- 
uiecs.  on  paut,  daae  certains  cat,  otrSier  ien  performance."  (ssebilite  et  rendeaenc)  des  foyert  de 
sseteur;  ttk,  uiilisaat  corrac  paroi^tro  dcs  erptessions  d£doites  de  co  sodule  simple-  de  reaction, 
te  rcl4r>a  clncrique  s’appliquern  d Vutsnt  isieux  qje  la  coabustioa  s’cccorpl it  Jans  up  mBlenge  gazeux 
da  ricbesse  nnif-jnu;,  te  qui  eat  asses  <?ien  -Ba-lad  dess  la  rechauffe,  au  ooins  a  rcgisie  de  rechauf¬ 
fe  s.i«nr^.  Sans  la  cheobri  principnle,  le  car  urSnt  injects  o  «$t  jamais  cospiitecent  vaporise  -vans 
de  pSoBfrer  dims  1*8  -ortes  de  aosbustion.  Cepcndant,  par  suite  du  niv?au  Sieve  de  la  turbulence, 
les  vihepscj  rclstivoB  entre  les  gouties  da  cotiustihle  et  It-  milieu  gateiut  sont,  en  rwyenne,  suf- 
fisxntes  pour  que  pe  $'2tebiiea5  ptotiqoesctt  Jsaiis  le  cr'.ccssjs  de  easbucticn  de  la  gout  to  ptr  un 
front  de  ilajxw  de  diffusion  qui  1'citouro. 

b-j  mf-roirc-c*  de  coahustioa  sout,  par  cr^adquent,  astbiablvs  5  ceus  d’une  Jlaaae  Je  combustible 
gkeeioc,  0.'  tappet  de  aSIange  ssa  uclfcroe,  Ti  y  a  xieu  o'exsalner  rapendant  si  les  gcuttes  pee¬ 
ve  ot  tt  -vsporiser  ^ss^■^  cite  et  si  la  repartition  du  carbursnt  dfp^nl  peu  <ju  heaucoup  de  la  techni¬ 
que  d’iajfcteior.. 

Ha  cclcill,  prescaefi  dene  1a  reference  •&,  =atrc  que,  dans  uae  sese  f.-isaiis  type-  une.  goutre  so 
' 8C-pa  d’evapoio  1  jss  environ. 

PJi  rotiiSquant.  la  durSc  d’Svarorttxon  de  is  gout's  ii’est  p*ys  g£o^rslecunt  un  t.ictcur  linitatif,  »*u£ 
pout  lot  cocdttiosa  alt  dstursage.  <su  rBsliuaag..  ea  altitude  et,  cant  ure  csrtainc  stsuce,  du  raienti 
an  sol .  coiitr?,  la  vitesse  a’isjoctioa  du  Jiqaldo  dStiensinc  la  rdpartitiou  du  coshustiblo  dans 
1**  fast  de  combustion.  Certaints  techniques  d1  "eject  .on  o>fc  I'cvantege  dr  rep? tbit  le  csrbarsnt 
u'unfe  f«gun  t-i;  _?e^  scsticli  tw  varintifjn.i  das  corJitiost.  tbcrcolynariqucr  (en  -ticu'.ier  1c  ni- 
vesu  de  res. lien  dai.S  is  chachrc). 

Ec  conc?,asion,  ssaS’  pour  les  r-Jgisei  eM rciwt  et,  pnurvu  qae  \  1on,jssaJi>ic  unc  technique  d‘injtction 
adsptSe  s  J  * IcouleucCc  «ei  gar,  on  core,  pour  la  chsuhre  nrinexpsio,  ppuvoir  fimine-  la  niupsrt  des 
difficuliSs  propres  4  I'iuipction  1‘qaide- 
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3.  .  Les  nccaci6EasE  de  formation  dess,  polluants 
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Lb  formation  et  Involution  des  polluants  dans  le  foyer  dependent  essentiellcoent  des  processus 
de  combustion  qua  nous  venons  de  passer  en  rovue. 

Cn  doit  distingucr  parmi  les  polluants  deux  catSgories  :  d'une  part  I'oxyde  de  earbcne,  los  parti- 
cules  dc  ccrboae,  les  hydroearbures  divers,  aldehydes,  alcoals,  et,  d'autre  part,  les  oxydes  d'a-oce 
qui  ne  se  foment  qu’i  teopSrature  Slevee,  sans  pratiqucnent  participer  aux  accanismes  einftiques 
do  la  cosbuscion.  Coast  on  le  sait,  cea  ofcanistues  sont  extrcoeaent  complexes,  mens  pour  un  cosine- 
title  auesi  simple  chiniqucnent  que  le  adthane. 

Exattiooni,  en  premier  lieu,  la  formation  des  divers  hydroearbures  e».  del'oxyda  de  carfcone. 

Au  covrs  des  preaifcrss  Stapes  de  la  combustion,  le  carburant  se  transform  en  donnant  naissance  a 
des  hydroearbures  particuliers  comae  le  aSthanc,  qui  eux  denies  donnent,  pa,  la  suite,  naisssfice  2. 
des  interaSdiaircs  tels  que  CO  et  H,,  Ces  transformations  s'accdsqslissent  suivant  das  chaines  de 
reactions  faisant  intervenir  coax  centres  yropagateurs  divers  atoses  el  radicaur. 

L’oxyae  de  carbcne  CO  ost,  parai  les  corps  formes,  celui  qui  brule  le  plus  lcnteceut  (son  oxydation 
n'est  d'aillcurs  possible  que  par  un  necanisoe  cinetiqu-  faisant  intervenir  lc  radical  OH). 

<^nand  la  noteur  fonctionne  2  regime  elevS  (dScollage,  croisisre,  etc...)  les  conditions  de  pressioG, 
de  teopSrature  et  de  richesse  noyenne  (proche  de  I)  de  la  zone  de  cottbustion  de  la  chtfitbrc  princi¬ 
pal,"  sont  trip  favorable*  &  Is  eoabustioh  et  les  vitesses  de  rSactions  sont  aseez  replies  pour  qvn., 

2  la  sortie  dc  la  zona  de  combustion,  l'Squilibte  chioique  soit  prstiquement  attaint  pour  les  cons¬ 
ol  tuants  0.,  CC„,  H20,  CO,  0,  OH,  H.  Cependant  I'Squilibre  conplet  donnant  naissancs,  ,-*r 
(.association  de  Nj,  2  des  acottes  de  }•  et  des  oxydes  a  'azote  KO,  NO^  n’est  jamais  attaint  dans  les 
foyers  des  moteurs,  Je  temps  de  sfjout  Scant  insuffis&nt. 

Sans  la  taco  de  dilution,  lc  melange  progressif  des  gaz  priisaires  avec  1‘air  coopJSaeataixe  Jevrait 
about ir  fioalemer.t  2  une  combustion  quasi  complete  (N-,  0^,  C02>  K.O) .  Mais,  eu  desaous  d’un-s  cer¬ 
tain*  temperature,  lea  reaction*  de  rucotibinaisons  deviennent  trop  rentes  et  l’Stst  chimique  se  figs 
en  cours  d’SvLiutict. 

On  trouvs  done  toujours,  veme  dsn?  les  conditions  les  plus  favorables,  un  psu  dc  CC.  dans  les  gat 
n’&hopptrient  (et  des-  uxydtr.'d’r.' ote). 

Cette  description  tit  cepp.ndant  acbSsstique.  Le  jsi l«r.g?  du  carburant  avec  l'air  de  combustion  l'.'f tcr.t, 
dans  la  zoce  prtmaire,  que  pertiellement  realise  avast  la  combustion,  celle-ci  n’a  pas  li~u  k  one 
richesce  uniforms.  0*.ns  les  rtgions  lei  plus  pauvres,  ice  temperatures  de  combustion  atteinte*  seat 
plus  r„iM«s  et  psf  consequent  lea  vitesses  de  reactions  sont  trop  lentes  pour  quo  1'fiqailibre  aoit  . 
attaint.  Apr 5s  craversfe  de  la  rone  de  dilution,  le-  gaz  brulCs  do  ces  legions  peuvect  etre  fig&J 
Jans,  wi  Stat  chimique  de  combustion  partielle  ebapertant,  non  seulement  de  I’oxyde  dc  enrbeae  mais 
edcotc  des.  ina rules  du  type  hv'df  tear  bare. 

Vs  films  d ’ait  .de  refroidlss^ttot  do  tube  2  f lassie  constituent  fcwjourp  una  zcr.c  d ' Evolution  pau- 

VTv.  : 

Pour  Its  Mi^oos  analogues,  Isa  cat'uiticng  Ktop  riches  seat  ?6n5ratficea  d’ishrSivs  supplfosen- 
taixe>. 


4Jwand-}e  roteur  fonctionnc  2  den  tdgi-ees  faib’.ea,  ie«  cusditiocs  de  ;  resoicii,  de  tsao-.rature 
(r^silumage,  deKrragej  et  se  richesst  ooyetasi  it  la  zuxic  de  ^ctd>usvicn  (ralesti)  sont  dCfavo 


dCfarvrsMea 

2  la  fois  a  la  coccus  bier,  at  2  la  vaporisation  du  ceshvstiole  et  l'equilibrv  cEimique  n’et- 
sttcint  mSme  dans  ies  rf^ionJ  lea  rltia  fayorfibiUs, 

A  i’gchappcacnt,  les  contentratsous  dc  I'oxyde  re  csrhc: c  et  dec  hy(frJcf-,tbnrcH  SX  sont  #icrs  hmta- 
ccu?  plus  importance'  ot  lc  proportion  des  hyiiccarb-.vrf.s  u-vieut  W^rtanCa  dvas  l  '«r,i«mt)le  din) 
imfcrtlid  (CO  et  SC) . 

L»  f-tostit-n  des  pt-rtisnlcs  de  cat  buna  rfiauit*  -Je  conditions  Jct*icul^-e&  cosi;  ir-tion. 

n<n&g  1'int  »«itr£.des  zx^-erieotec  dt  .aborar. suv  Ti'Wue  pi--.*e  tz  fcy<  sphfrique  (rti.l,  *  et  ?j, 

_«  combusrirn  i  ptessicn  dicrSs  (6ap0r 3 cure  i  !SS  dc  cCia-j-ci  gszdux  dr  r;r,wtsos  sup£rifurss 

ip>  ?,5  ne  conduit  pS6  ?  ’.'Eqv.ilCbrj-  ;r^;  S  u'(  Scat  de.fms  gqsiliiri.  *4(zct£r.irZ  par  la 

formation  d'nydrocarburKS  pyrtitulic.-s  ct  ebssi  is  celts  <?«  rarbene- 

L'osat  final  de  fwui  (yiiltiice  depend  do  OOnJiLioai  pbysiquvs  ee  1  'fevolvtioa, 

ia  lurbuX-jQ.ee  dimipua  is  producSot  de-'  hyuruinrbwr^.t  ct  dr.;  saies. 

its  arc?At(ques  prismts  dans  le  cerbct..Q\.  sont,patci  les  coa-ko*Js  du  cerbur.-jt,  cuux  qui  prw,u- 
senc  ces  particulA?  ea  proportions  ii^oriact.»a\  dans  lef,  ccnditScns  iaJiquSoS. 

?*t  consequent,  el  c.ontr*ires»at  3  srw  opinion  assez  rSpsudurs,.  »i  ua  'ost>uetiv,e  tel  que  le. methane 
dm  pr&ouit  pas  de  .aarticulc?  de  car, -one.  cC-  n'est  pas  oarce  qu’il  inject^  i  a 'ctat  qtzeux,  e'est 
ujie  r^ts^quencs  d£.  s«  sti-tarure  chis>q<e. 

V.f  rSap.tivns  q>’i.  pteduissat  les  hydrOCsTbwtvs  ct  las  pjtticplcs  de, scie  sont  des.  reactions  de 
cracLioj  en  pVxc.  gazeocc.  b  t ’Jibuppeeeit,  In  psupsrt  des  oa.'ttculii  ont  des  diazietrcc  tnffi te:;rs 
16,!  urn.  ’  ,  .  % 

Cnr talas  fuels  lourds  non  utiiitSt  en  rcraTiautiqcc  peuvrot  -uantr  paissanrr.  ea  fin  i  vaporisation 
de  Is  gcucw  h  ua  otuefeieg.  ru  pnas"!  liquidr,  cendoisent  2  cies  parr  iculcj  pl^v  qroasei  cl  plus  dures, 
^ppelfa*  edoojpherac. 

Ice.  Jartic-jl«e  fa-twees  dans  las  znaea  rl-t,es  cs-  ic  flasKS.  b'Clcnt  mesuita  psttieliew.nl.  qu-ad,  au 
lontn  das  yhee.ep  .'Itfii' Hurts  \towl  dr  cot*astiPti,  _0',s-  Js  a.ilptioa  Tt  flscrw  de.  r-r.hav’Zfi) ,  de 
t’o..yjine  cosxiiesisUwAjre  -si.  epnot>d,  avec  fsu<s\oa  rf 1  un  rcyvnneecr.t  thersique. 

Leg  ozydas  d'oaotc  sent  jSstatiellcssut  torafa,  tuwa  .too  i’ ovens)  cSjS  sot4,  par  disso^iatijr.  that* 
eiqn-  f «  eVevjo.  V  ciiceriid’^  cicdtlc^-  qur  vOCCaiP  de  3 ’Sqyilj.hrp  paeticl  (Sj,  02,  CCL, 

i.,0,  CO,  0,  J)H.  5t)  J  X;6qqt litre  tottj  «vcc  e.rs  p'o.i  HO,  8.  »st  sxsas  iitn  coucu  (vou  par  csee- 
pTa7  v£f.4>-  ‘  ' 

Sins  lag  .»ndlv’.tu5  dj  turJt--i£actsar .  la  rapidite  da  t^caa*«o c  n'est  jsmM'2  vuCfissntv  poor  q-oe 
i’fcrjilibro  collet  =<  i t  a-ttimt. 
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Ce  aScarirse  "thcradqce"  de  furcation;  n’est  rapi.de  >\uc  el,  dues  la  zeue  de  coa.uetion, 
las  tttrpit Atur  is  <Tj  ?laa«  eont  flevSis,  ud.  qui  kuppoaa  2.  ’.a  fevt  da*  tttqifiratures  iltvees  a  l!tn- 
CrSa  de  Ir.  ehaiSsf a  -ft  do  Cicraasea  rsoye nqes  voieint*  a*  1  dan*  la  zone  de  coshustion. 

Cc*  condil'icc*  aont  obteruse,  d*a<-  leO.ohVsbtys'  principale*  do*  .soteurs  aodernes  *u  dCcoilage, 
en  aoctSe  et-  an.'  -i'oiaiSre-  _  _' 

'L'dsydi  ;<jui  3«- farbi'esi:  presqvCz-  exclu.^ive&^dt  i'qxyde  nirtique  NO;  *-- 

S'  vitessw'  £j  foineslan  3  l'r.tat  d*5qiulibc«  ',p«rtielK  eat  Jonp.lt  approxiroativetsen::  (r6£. 4)  par 
I’-iEprsisioo':  ; 


d~  fotl) 
‘dr 


.  '  *W  ~  ?‘j 


inefficient*  caracceristiques  de  le  psllutvon 

Los  inslysenrs  contiuus  de  type  industries.  dozens  ler  nocores  rfrpcctiea  d ’alone*  ii  -estbo ae  er 
d’siute  eontenvu  pec  unite  de  volisse  des  gas  aaalysSx,  e>.RS  dsttirigntr  la  nature  ctri»L\<we  dss  di- 
vii»  hyurqcarfcurc's  et  oxydea  -Taw  to. 

II  sit  taotefois  possible  de  doipr  aicarcRwot  MO. 

Dcf  aapavxil!:  ?!  .oettar.t  la  scaurs  des  aldehydes  ssnt  ttsilcaent  en  court  <sn  coorccrcialisation. 

Lea  poUut.nt:»  scat  dace  ciesaSo  .in  juatre  categories  r 
-•  1'oxvde  da  -awbnoa,  CC, 

-  lee  hydtccsrbcres,  SO. 

-  l*s  csy&h^  d’a-nte*,  30^, 

-  les  tsfficoles  de  _-*vca5«  soii.des. 

L'&iiariotr  de  ;-}5!u/*ot  >  «t  cxrvtrSrisfis  par  ,ts>  indict  c! ’-Scirslon  |£  exyriefi  cn  g-du  polluant  i 
&is  per  Ek  da  carKirsut  iujecrS,  "  J 

rtadeso  .  dt  ct>s*rt>ttisr.  n  peat  s*  definir  co«ac  1-.  vsppntt  de  I’enthalpic  chiaique  sffectiveaent 
libdret  a  oetla  ijti  rsi  Z'uIociqueiAnt  libicable. 
t<j  relation  doacecf.  q  au  ionttion  des  iosicss  IE  esc  de  Is  toric  j 

ft  *  5  -  £.«.  <\25.  (I) 

-  s  *i 

Lis  cottSicieeta  e.  rev lent  iegerceeni  aycu  lea  reepdraterts  de  I’zir  et  do  earbersnt  3  1 ’entiaa 
de  *«7cr. 

On  a  : 

SCO  ?  3S24  *  0,07 

Poty  Its  ■.lydrosatture’s  i6Vi?x  i"HC>  et  le*  ozydtc  d'e-ttes  totsux  {do^.?  dtfiala  par.  dts  cevscc.ii.ia- 
tSftvs  yoissoitaes  «:  a-o*a?  da  C  pfc  }«3  i.1  *ti  rtressaSeo  da  dffisi?  ui  ItJt  -BoiS.-wIaire  ecnyentiejusel . 
C*nd.rilas4sSt,  pour  EC  on  prtue  <>4  p.v.r  HO SO... 

LC-env*vHei«st  a_u,  tij  la  Co tcile ’<*.'}  dipped  2a x  p?oprt5t€s  d*i  tzilaovyc  15C. 


6 

& 

i 


9, 


£p 

fi 

>2C 


-  oil  iSC)  *At  Is  freseien  axiciqult  de  KO,  t  le  taby*  an 

h  It  a«aes  s^oivsiqoe,  )a  saoiair  dt  SO  et  R,  une  consrantc  de  rF.sction  -lotmSe  par  : 

.  R.  >  kt^c  x  Me  * 

r*>0]  a  annt  ) ts  copuentrecionr  j-u  msabre  de  solas  par  uaitfi  dt  voluiae  2  l'Cquitibre 
•tos»§‘*ct  «  : 

h  a  ?  r  ITi  *?  4s^  s  J  . 

Lea  c' 1-suls  d'dqotULre  qvsi  deatet.  Its  valeur*  de  £k]4  ct  (KS^  ccntrcnt  que  le  vitesss  de  for-  ||1 

mtiot:  <?e  a!0  tet  doit  g.i  verier  eves  la  ?rei<;.on,  eaio  fncrafStnt  avoc  la  tt-rspStacura ,  le  tcope-  B] 

ratare  d'e.-tlW iioc.ap^itijnt*  6 tent  de  l’ordrv  de  55  cbo_&  05-000  *K.. 

Ono  atgovats .tOO’C  de  .14  tctspSrature.  du  cSlacse-  sultipiie  ia  vitesae  de  production  de  SO 
pec  esvirtn  ,6.  Aa  dsteeus  de  IfiOO  a  1850*C,  la  production  de  KO  devient  vraitocnc  lente  4  1  ’fchel- 
le  at*  .foytse  de  ^oteurr.  e5rovs*utiquc*.  ‘ 

oat\e  Is  ?5iv  de.  di »-ition  de  It  fitisebre  principale,  une  fsxblc  jer  tie  du  KO  *o«J5  ae  tranefcTase  en 

st>2-  :.  r_  '  -  "  '  . 

.  it  tttrrbrt  slobel  do  ssolea  ^ft  SO  se  atabllise  rapideesr.E  dSe  que  la  ttzpCratutc  dirlnue. 

On  &  vODjiytf  (yelt  plus  loin)  qw*,  dens  1*  flaant  de  rechauffe  de  I'Olynpus,  une  .part  iaiportante 
■  <5u-.'iK>  Ctf ttf.dspi  la  cb^nbrUce  tuuifcme  eu  KO,*  •''- 

ftj  pfissi  ittr.trpr2tes.  cett«  ts-a«neCawa»t*'ca  c«it*  fe  rfaulcat  d'uce  {volution  s'effectuant  2  ten?5- 
titrirt  twyetoe  dtas.  ,es  xocia  dt  aglcoge  dea  .gat  brClf.e  de  3 ».  tetbauffe  wee  It  flu*  plus  fro  id 
ut  biygS'A^  «li  .Its  ttaouxe,  1'ffct.t  st-ible  2  basue  teapfirstunj  fitant  le  pCro’xyde  i'Oj- 
L^xpSriJncc  frSf.il  «cggfra  iVsistinct,  data  Tas  zones  de  ceettioas  vivea  d.e  le  tlarzce,  d’ra 
deuxiSae  aEcanise*  de  formtion  du  KO  i  terpS^stvsc*  plu*  iei.se  qua  csile  du  mScanisoe  thstcique 
de  I«  ‘poat-f  lands’1,  fa  leant  intervinir  un  certain  corabti  des  TOicauiprSsePts  dans  la.  flassne. 

‘lettr  production  du  SO  l'?tScoce"  <s,pto^lpt,,  SO)  esc  plus  forte  3  richovie  dlevSe,  auvi*  son  ibpor- 
tance  r-.st  finalewenc  nerteeart  taoxas  grande,  dans  cec  tarb'isachines.  qut  colte  du  30  tbexaique 
*  dan*"  la  ?ost.-*fla»e>e.  - 

4.  LHC  smaoc  oe  pollotioh 
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Si  1’on  consulate  le  sithane  comm  (tent  le  ae'ul  constituent,  on  a  : 


CH, 


1,19 


Si,  par  contrt ,  on  considSrc  que  le*  hydro car bur es  imbrulSs  ont,  par  atomea  de  C, 
..le  a ?s*e  pouvoir  calvrit'ique  que  ie  carburant  de  loraule  C  H,  _  ,  on  a  : 

n  i  j?  q 


CH, 


-  0,87. 


On  pourraic  convenir  dc  prendre  arbitraireaent  a 


CH, 


-  1. 


Four  ie  carbons  solide  a_  ®  0,8.  Kais  la  nauae  des  particulea  n'Stant  paa  me surf e  directement,  on 
neglige,  an  gSafrel,  le  tense  relatif  au  carbcne  eolide,  dana  l'expression  de  n  de  setae  que  lea 
ttrsti'e  reJatifs  aws  exudes  d'srote. 

On  dffiuit  ainci  wn  rendemeni  db  combustion  sim.pl  if  i£  n'  par  la  relation  v  la  fome  : 

0*  “  1  “  !0~3  (0,24  1Ecq  ♦  IEru  )  (2) 


CH, 


‘4 


Lea  analyseur*  taeaurent  en  fait  dea  concentration*  tsolaires  (CO),  (CH^) - 

I.’ indice  (IE),  du  polluant  i  a 'exprice  en  fonctiors  de  la  fraction  rolaire  fij  en  ppm  par  la 
relation  : 


(12)  t 


°Wa  28,97  x 


D.  +  D 
A  c 


10 


.“3 


(3) 


ofl  M.  eat  la  nsit  taolaise  de  i,  I>  et  I>c  les  uSbits  d’air  et  de  ctrburant  du  foyer. 

Lea  pro jets  de  reglemcntation  de  la  pollution  des  avion*  au  sol,  considSrent  les  masses  totclea 
ue  chsqtie  polluant  qui  sent  (raises  au  coura  d'un  cycle  type  dSfini  par  des  durfea  de  fonctionne- 
uef\t-  pour  differenta  rfgines  (roulage  au  wol,  df collage,  nontfe,  -approche). 


2,  Hoteura  «ana  rechauffe 

Lea  noteurs  en  exploitation  sur.  ,).es  avion?  de  transport*  civile  ont  fait  l'objot  de  aesai 

notfbrauses  qui  oni  fcf  publiSeaV  Citons,  en  particular,  l'f tude  du  Cornell  iarcnectical  Laboratory 
(rff.9) . 

line  asset  grande  diebarsion  se  rCvfelc  dana  certain*  de  cea  rSsuitata. 

La  cause  ec  eat,  d’unc  part,  I'influance  non  rlgligeable  des  conditions  amrltulM!,  mnis  sans  doute, 
plus  encore,  J.a.difficultf  de  pr€lev«r  un  £chsatillon  woyxn  reprSwrc-tetif  suite  de  I’hfrfrogfnSi- 
te  air.ccncentttftioao  de;poiltuiata,  i  is  torrie  de  certaino  -wteuto.  ; 

Sou  s-tr'entrepr^udron*  pas  ici  uce  aualyse  dec  rfcuitats  oui  r  Ste  fr'-le  allleur *.  Le  leetertr  peitrra 
sa;ddctB»eater  eHmonsequence  - 

Ncu*  donn  crons  simpleaent  das  crirea  de  $f  endtura  itrohi  quel  ores  remarquee  gSnirale*. 

Le.  phate  de  roalige  au  sol  (aller  at  r8tc*‘r*  c>,c  rtoponsafcij;  do.  502  de  Vfctfssion  de  CO  au  aol. 

Au  dScollage  at  en  croisi&re,  lea  indices  (IE)  ..  sotr  -is  |_-yrdv*  de  (7,5  1  1. 

Four  le  roultga,  1' indice  varie  de  49  2  520  envjjr«»  suivant  lea  types' du  noteurs. 

L1  €«is»ion  des  hydroearbures  aux  rfgimic  €le«ei  sit  t C-le  faible  (IE..  <0,2 'i,  Au  ralenti,  1*  dis¬ 
persion  ea't  grande  (.indiceo  VariAqt  <*e  10  &  120). 

L'featsaioa  dea  oxydes  HO  eat  >r£pcod.*ranto  frjx  register  ou  ».c  temperature  &  1  "entree  de  la 
chasbre  eat-  la  fiuq  flevde  fdEcollcge  pent  ieT  a~ions  subaoniques,  croisiSre  poot  les  supetabiti- 
ques) .  '  .  .  ... 

Au  d£collsge,  I'indicc  set  eecvntielleJBtnt  f fraction  du  toux  de  compression  tie*  motturs  ei.  vari* 

(en  Vn;j).  de  10  a  40,  "  ' 

Au  r-llesT*.  ,  i  .  esb  beaucoup  pl>ia  faible,  waie  -ton  nigligeabie,  de  i'ordre  de  1C  i  IS  (  de  le.  i-a- 
leui  au  dScollage.  L«  proportion  de  la  ibibc  tJtale  dc  saise  au  aol  pendant  la  dScollnj*  «t 
ia  jaontce  eet  prepundfrante  (  •  70  X). 

T<-4si.isiC<q  des  psrrituleg  de  Carbone  ddpead  son  seulcsent  d*a  conditions  tbfcwaoiynssiquGi,  mai* 

-•  aussi  de  la  technique  s'* ^injeetion  et  de  priiaretion  do  n61ange. 

tex  b^tiura  des  pressi^res  gCnff'SCicna  d'aviens  1  "'-Eactio-'.  "  (talent  faiblc&eat  ctisspJisaS.a,  ct 
malgri  I’emploi  f.-Squent  de  teclr*iqutM  d'ia^ec-tioc  favnrieant  ia  toraation  des  fussfes.  les 
-isistions  visibles  n'Staiene  pio  CrSs  i^>ortante*-  - 
.  vPASttf  -isfj  t««r.  d?  covpresjicn  ac  sont  accrus  au  dele  de  15  environ,  lea  eoi eiuou*  son;  rsuvent 
“  .d«v«»ies  -tris-^nportanccs, 

7out  XL*  constr-octt'-rs  de  muteuts  oat  alors  Studie  des  technique*  nouveli^s,  frati-tu*5fc*,  f»vo- 
riesnt  us  preaelange  partiel  dc  coibustiblj  rvec  I’air  de  cotjbustion.  Fratiqceiurat  on  salt  Afcisv- 
Eansnt,  sac*  trap  de  difficult^,  rSduirc  Xea  fuiisiocs  »u  voisinape  ou  *u-de;*ouB  du  fseuil  de 
visinilite  (dx  35  1  20  SAE-essivant  Xa  taillc  du  reoterr).  ’  • 

^st^dpons,  Bnintcunt -l'iaflutnce  du.typs.de  rs?tcor  (rapport  Jc  diluticra,  rqpport  uc  rqmpreaaioo) 
et  dC;-ta  -tailie  du  aadteuv  *vt  le$-eaissj-jsni.  ~ 

Sufi*  ilfur  e  'ost -reprd*ent€«s,  8  titre  d’exaspla,  des  courbes  dotraan*  pour  quaere  ssotenrs 
(37 91),.  3T?3i,  i.  ft  ^.53,  SSECMA  IJUtfAv-J ,  Je  rcadf^oent  a’  de  ccsbustioo  (x.'latioa  2)  en  fonctioa 
dp-  la  ebatgi  tf-r'Wyt  \  a  y  2e  Is  chasare  de  conpustl'-n,  -dffiaie  per 


■  VeW5° 

cO  D.  «st  io  dibit  d* 
volume  Cotdrieur  au  t  t 


(4) 

5-'a3txf«.  dc  la  chasbre  en  Eg/*ec,  P  la  prassion  d'entrlo  en  osr,  V  le 
tlaaxte  cn. a5 et  T  la  temperature  A  iVntrfe  en  *K. 
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La*  donates  relatives  aux  no- 

Fi-,6.  fezsdooNits  is  coabnetion  o'  df,  <;ueiq«;s  aot6Ufs  tears  JTSD  et  JT8D  font  issues 

‘  :  '  de- la'rfifSience  9.  J.ea  adteurs 

_  _  SNECHA,  eo  coura  de  dfiviOlop- 

-,v3  j— -  -f .  "jfc"  .paseat,  sent  fi parts  dansleur 

Hart'/'  i'  -  -  (  ’  Jjf  2tat  initial- de  dSveloppwteiit 

W- - i  - ' — - - -  (i  ticre  d’excaple). 

1  »  j  j  ^5®$?  _  ...  Lc  paraa&t're  D  est  via  para- 

.  »  •  •  j  /  I  ai.tre  de:  correlation  clas- 

-  *  -  *  '  j  ~~ - j  f^'y  ”  -  aiqne  f  ondS.  sur  une  cia££i- 

t  j&r  |  A  A'  que  aiapiif i€e  globale , 

/&  1  if.  y  „  __  ,  -  Lea  courbes  representatives  de 

i  fS\  _  A:  a {e«cs*  chaque  aoteur  joxgnent  lea 

'As*  1  k-hv^m  point*  correspondent  aux  di- 

A/  ‘  !  yers'fonetionaeasct  types 

~  - J‘  '/  ■"  jffi-  'j  *  ~  (dtiollage;  talenti,  appro- 

'  "X  -  /  jyC  I  i  cKe»_«v)* 

'  --v'  WK _ _ ... A  i _ — _  Leaded*  aoteurpK..c3  et 

-  -I  - 4lj  /  A  |  ( .  n  Lartac  ont  de*  chrabres  de 

,,]  /  '  a  1  *  ve*vif"  tecnnoicgxca  voisiaes  ;  il 

-  j  /  A?  ’  •  j  o ink  i  esfc. dorsal,  que  leurs  courbes 

‘  -  **i  /  j  Act**  i  I  ~>^xn  i  fi*  »  t  (G)--le  soiect  iussi. 

•  \/A »*  I  •  Vr>>  -  j  De  plus.  Iters  taux.de  ooopre* 

_ j _ /j _  ■  1 _ 7n> _ j  ___  sion  soot  vo  I  win*  et  feibles 

<*■*  05  t  -  '  *  >  S  !’<'»  *  *  “  Jfet  JO).  Msis-ces  ttoteiits 

.  .  ’  •  -  sent  tree- d  iff  treat  a  du -point 

,  -  -  -  -  r  -  _  :  de  vui  de  ia  teille. 

&  '~xze  neibtc  de.Kach  noyen  d'Scoulement.  dins  la  chacbte,  xa  charge  £5  varie  approx inativeffisnt  con- 
re  t'iaversc-  d'i  teopa  da  afejour,  c 'eol-a-dii-t. .1  'inverse  de  l*dyielle  du  Botiur.  li  eat  done  logi- 
tpia  que  La  charge  du  plus  petit  notwit  spit  ia  jlus  ^orte  at  par  cOftsSquent  son  feaission  de  CO 
at  ffl  la-plus  g-  arido  (vci)r  tahleiu.ci-^iessous)> 

.  its  aotsur-?  d'fSD  et  jSjfe  spot  plus  cetapriaes.  (taux  de  coa^rassion  J6  .«t  22)  .que  .lea  deux  noteurs 
.LHECiit  prCvue  p-nir.dea  utilisations  ailitaires.  Slits  le  taux  in  ocopresaion  est  Slev6,  plus.au 
ralintx.  Its.pressionv  at  tiJspJSratnres  L  Ventree  fie  is  charibre  aotit  61ev5.es. ellejaussi  :  pour 
uci.  tcux  de  ccopression  de  10,  ’a  press  ton  et  la  tes^4r?ti»e  soot  de  I’ordre  de  2  bars  et  90®C 
alprs  que,  nojy  ua  taux  de  coppressiou  dp  20,  les  valeur*  cotresppndar.tes  iont  approxinacivebent 
de~3;5:<ar*'et  ISO’C.  -  -  ‘  :  - 

Zl„:sr.  rSrwVte,  que  la.  charge  aerodynenique  h  dt  le  chaabre  et  les  enitsxeas  de  CO  et  SC  d’un  noteur 
forteneue  eocprisaS  scat  plus  faibles  que  celles  d’iia  ootevr  noias  ccsipriaS. 

•.  Segicc  de  raleati 


V'n> 

T"t 


i.harge  0 


Kcrdcseflt  de 
rosiustion  n 


(e)  5  URZAC 

$  Etapa  II 


(*)  Etat  initial  dr  dSvsl.oppetaent. 

Xi  itot  ciair  ,tie  les  oaractErxstiques  gSndrales  du  eoteus  joaent  un  role  *u  tasins  aussi  iaportant 
oxr-on  plus,  one  ie  niteau  de  perfection  teclmoiogxque  de  la  chaabre,  careotSrise  par  la  courbe 
vi*  »  £  <5).~  ’ 


4-.3.-L*  reehautCe  dt  I'Olyapus.  -  Siveau  do  pollution  - 

Les  senditions  de  cesnascion  de  1c.  rechauffe  {pressioa  et  tesapdraturc  d'entrSe,  vitesse  noyenne 
(f'ccoulepset)  tvot  bccucou?  plirv  dfifavprsbles  q;>e  eelles  de  la  chaabre  principale  et,  per  consf- 
qa'inty.  le.  randenent  attaint  a  la  sortie,  do  xa  tuyirc  du  saoteur  eet  rolttivcmcut  faible,  dc  i*or- 
dre  di  0.S0  a  0.95  suiyaat  le*  soteurs. 

La.rethayffe  dc  t'OIynpus  n’flst  que  pcrtiellc,  uae  fraction  du  flux  Stant  souls  intSrexafj  par  la 
"pcst-tpirbustips".  Ls.  stnbilijp.t  jon  de  la.  f  3.as£>  «t  rsslisSe  par  un  anneau  stabilisateur  et  la 
csrtRTittoft  par  uao  rasps  sia  typo  5 ."cncliBse'1  - situee  on  sisbnt  de  l'anneau. 

ts  prefii  de  tespfixetute  3  la  sorti«  n'ett  dose  pas  utifensc  et,  de  plus,  ins  tcspfiraturss  oaxi- 
saxes  a  la  sortie  du  jti  scat  plus  foibles  que  celies  d‘un  noteur  sxiitairo  fonctionnant  1  pleinc 
reebsuffe.  ” 

Ces  toapSracures  woct  cepecdant  asset  cjevfics  pour  quo  lc*  ^Sections  ehiaiques  de  "post-flaase1’ 
con  tint  apt  dan*  la  joe,  acres  la- sortie  du  toceur. 

.  ie  tteiswgt  progretsif  dcj.gat  brulds  avac  I’air. asbiartt  atc.isse  la  tesperature  du  jet.  A  una  cer¬ 
tain®  disisnce-du  octeur  let  reactions  sox.t.  f ig£os. 

Ce  a'eet  qu4au~jj}.«  de  cettt  distance  da  figeag^  Sac  doxvsst  etre  fairs  les  pr61Svesentc  de  g»a 
definissent  les  sivcuux  dc  pollution. 


4.3.1.  Mdthodes  de  prdlSvements  et  d'analyse 


Lea  mesurea,  done  il  eat  question  ici,  ont  £c£  faites  derriSre  i*n  moteur  fonctionnant  3 
l'air  libre  (en  banc  "ouvert").  Une  sonde  de  6  afetroa  de  longueur  est  placSe  horizontalc- 
!«ent  daniv  l'ajce  du  jet,  3  une  distance  3  l'aval  du  ooteur  qui  varie  de  7  3  12  m. 

Los  quinze  points  de  pr£l£vemenc  sont  places  tous  les  30  co  le  long  de  la  sonde 
(figures  7  et  8).  . 


Fig.  7.  Prelfevcnent  de  gaz  3  l’arriere  dc  1'Olyopus  avec  rechauffe 


Fig.  8.  Sch&ra  pour  la  definition  des  axes  dc  coordonnees 


Les  concentrations  de  CO.,  et  CO  sont  nesurdes,  soit  par  chroaatograpfcie  en  phase  gazeuse, 
soit  par  analyseur  infrarouge  non  dispersif  (KDIS),  et  les  concentrations  d’oxydes  d'azote 
soit  par  la  nethode  3  l'acido  phdpol-disulfonique  (PDSA) ,  soit  par  chitailuaincscence. 

4.3.2.  RSsultats  d'essais 

Hsus  donnons  let  rdsultats  obtenus  pour  trois  dispositifs  prototypes,  repdrds  par  les 
lettres  A,  E  et  C. 

Le  diaaetre  de  l'anneau  de  stabilisation  est  le  ocae  pour  les -trois  systeaes. 

?cur  les  deux  systfeacs  A  ct  B,  le  diaadtre  de  la  raape  d'injection,  sirufe  3  100  ao  environ 
en  aaont  de  l’anneau  cat  £gal  3  celui  de  l’anneau.  Ces  deux  systSoos  ne  different  entre  eux 
que  par  des  caracteristiques  ptrticulicres  de  la  raape  d'injection. 

Le  systSac  C  cst  catactdrisd  essentiellcaent  par  le  fait  que  la  ranpe  est  situ£c  plus  en 
soont  et  que  sor.  diaaStre  est  supSrieur  3  celui  des  systSncs  A  ct  B. 


Le«  planches  dca  figures  9,  10,  11  donnent,  pour  Xe  type  C,  lea  profils  des  concentre 
tiont  dea  constituents  COj,  CO  et  NO  ,  1  10  nitres  en  arriire  do  le  tuySre  du  noteur, 
t'our  different*  teux  de  rechauffe  (le  taux  de  rechauffe  est  dEfini  par  le  pourcentage 
d’accroi.eaenent  de  la  poussEe). 

Lti  figure  12  nentre  lee  profile  des  preasions  toteles  dens  lea  senes  conditions. 
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Ces  different®  vSsultcto  dcmnent, 
par  intSgration,  Its  masses  des  di¬ 
ver*  ccnstituants  rejetSs  ;  le  dS- 
bit  de  carburant  pris  en  ccnpte  pour 
le  calcul  de  1’ indice  d'&aission 
est  relui  qui  r€  Tilte  du  bilan  des 
atosea  de  carbone  foerni  par  J'in- 
tfgration. 

La  masse  fotale  du  earburdnt  ainsi 
calculSe  est  infSrieure  de  7  5  1 61 
i  celui  qui  correepondroit  au  car¬ 
burant  injects. 

Le  tableau  suivant  donne  lcs  indices 
d'&aiasion  de  CO  et  d'hydrocarbures 
imb  rules  da  cheque  syst&me  do  rechauf¬ 
fe,  pent  un  taux  d'accroissemcnt  de 
poussSe  de  17  %  ct  une  tespSrature 
T^,  d'ectrSe  de  la  turbine  de  ISBO^K. 


t-'l 


6  ytm]  Fig*  12. 


Diapoaitif  de 
rechauffe 


Hydrocarbures 
exprioS  cn  CH^ 


-  Pour  le  ayatime  C,  quel  que  aoit  le  raux  de  rechauffe,  1' indice  d'SmissJon  IE--  est  pra- 
tiqueaent  constant  et  egal  2  37. 

Sur  la  figure  13,  on  voit  que  l'indice  de  pollution  local  de  CO  varie  asset  peu,  ssuf 
en  bordure  du  jet.  sen _ _ _ _ _ 
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Las  prSISveaeats  de  NO  aontrent  que,  dans  le  cas  de  1 'Olympus,  la  production  des  oxyde* 
d'arote  dans  la  f 1msec  de  la  rechauffe,  est  icd£cclable. 

Par  contre,  alors  ue,  peur  le  saoteur  "aec",  la -proportion  de  KO  est  de  88  A,  cllc  n’est 
plus  quo  de  32  X  pour  un  taux  de  rechauffe  voisin  de  17  X. 


-  Des  mesures  faites  3  des  distances  x  de  7  et  12  taStres  ont  df>nne  les  rnenes  indices 
qu'3  10  mitres,  ce  qui  oontre  que  les  rSactions  chimiques  sont  figscs  event  7  metres. 

-  Pour  les.  trois  versions  essaySes,  le  rendeoent  de  combustion  n'  est  superieur  3  0,99. 
L'Svolurion  chinique  "exterr.e"  est  trSs  importante,  le  rendeoent  2  la  sortie  du  moteur 
n’Stert  pes  supfrieur  2  0,85  (pour  un  taux  de  rechauffe  de  17  2). 

-  J.eo  systSoes  types  A  et  B  sont  trSo  intfircssants  au  point  de  vue  pollution,  oais  ils  ne 
peraettent  pes  d'obtenir  1'sccroisseocnt  de  poussSe  demands  par  le  dSveloppement  du 
noteur. 

II  coevient  Je  noter  1' influence  trSs  impor rente  des  modifications  du  systSne  d* injec¬ 
tion  sur  le  niveau  de  pollution,  par  l'intcmfdiaire  de  la  combujrion  "externe". 

En  effet,  lo  systems  C  qui  est  le  plus  polluant  esc  par  contre  cclui  qui,  aux  charges 
•  es  plus  dlevdes,  a  le  meilleur  rcndeaeut  2  la  sortie  du  moteur. 

-  De  nouvelles  oesurcs  ont  £t£  faites  dans  un  banc  d'essai  traditionnel  insonorise  3  la 
soztic  du  conduit  d'fivacuation.  Les  indices  d’emission  sont  plus  faibles  qu'en  banc 
ouvert,  aais  le  pourcentage  d'abaissement  de  30  2  est  le  aSme  pour  tous  les  svstemes. 

Les  resultats  des  essais  en  banc  ouvert  que  nous  avons  donnes  correspondents tous  3  une 
temperature  Tgy  2  l'entrfe  de  lc  turbine  €gale  2  1380*K. 

Les  eesais  dan3  le  banc  "ferine"  2  tempSrature  plus  elevSe  nontrent  un  abaissement 
aeasible  de  1«  pollution  pour  CO  (-30  2  pour  ATc,f  »  +  80“K). 

5.  M0DELE  HATHEHMIQUE  DE  LA  COMBUSTION  "EXTERNE" 

(Moteur  01ynpu3  avec-  rechauffe) 

Pour  concevcir  de  nouvelles  chatabres  de  ccmbuttion  taoins  polluantes  ou  simplement  pour  attSlio- 
rcr  les  chaebres  existences,  il  serait  tres  utile  de  pouvoir  dficrire,  par  des  relations  mathematiques, 

1' evolution  des  ph6nom?.nes  2  I'intfirieur  des  chambres  de  combustion. 

C'est  ce  qui  est  actuellement  entrepris  par  beaucoup  de  chercheurs.  Des  resultats  int£ressants  ont  ct£  cbte- 
nus  en  schfoatisant  les  pbfnomenes.  Hois  si  I'ori  essaye  de  les  decrire  plus  fid?lement,  on  es  heurte  sou- 
vent  3  de  grandes  difficultSs.  C'est  le  cas  pour  la  zone  de  combustion  de  la  chanbre  principal,;. 

Une  de  ces  difficultSs  tiect  au  "couplegs"  qui  existe  entre  la  turbulence  et  la  cinStique  c'nimique  dans  les 
zones  de  propagation3de  la  flazme,  transversalemcnt  2  X'ecoulement. 

Ou  ne  sait  pas  ^valuer  correctemcnt  le  taux  volumettique  de  production  et  de  destruction  des  esppees  par 
reactions  chimiques,  i>&?  lors  que  le  gradient  transversal  de  vitesse  ett  associe  2  un  gradient  Je  composi¬ 
tion  chimique.  Hais  on  sait  que,  si  l’on  aSglige  l'cffet  de  la  turbulence  en  expnmant  la  vitesse  globale 
de  la  reaction  chimique,  sur  des  bases  purenent  cinfrtiques,  deduices,  par  exemple,  de  mesures  faites  dans 
un  foyer  sphSrique  "homogdne",  on  obtient  une  valour  qui  peut  etre  dix  fois  ulus  filevde  que  la  valeur 
rfielle. 

La  raison  principal©  du  disaccord  entre  le  calcul  et  la  rSaliti  tient  au  dffaut  d'homoginiiti  2  petite 
echelle  liie  2  la  nature  de  la  turbulence. 

Dn  Slement  de  volume  dont  le  degre  ooyen  d'avanceaent  chimique  est  de  l'crdrc  de  0,7  n'a  pas,  ginerale- 
ment,  du  fait  de  l'fchclle  dc  turbulence,  une  composition  uniform. 

Cet  Slfeent  comp rend,  en  realxtS,  des  fractions  dont  les  dogrSs  d 'avancement  sont  rres  61ev5s  (voisins 
de  1)  et  des  fractions  dont  les  degrCs  d’avancement  sont  tr&x  faibles  (voisins  de  C).  Or  la  vitesse  dc 
la  reaction  de  combustion  globale  (schfxa  cinitiquc  simplifiS)  fist  nulle  dans  ces  deux  cas  alors  qu’elle 
est  maxinale  m  voisinage  du  degre  d'avancemenc  moyen  de  0,7.  Par  consequent,  er.  nogligeant  1'effet  de 
la  turbulence  on  surestioc  gravecent  la  rapiditi  du  processus  reel  de  combustion  (voir  la  communication 
de  Mr.  BARRERE,  ref. 12). 

Dans  le  cas  de  la  rechauffe,  les  zones  de  propagation  (voir  figure  5)  jouent  un  role  tres  important. 

Pour  prevoir  la  valeur  du  rendcmenC  de  combustion  2  Xa  sortie  du  moteur  en  foncrion  des  donnScs  thermody- 
namiques  et  geometriques,  nous  utiXisons,  3  la  SKECHa,  des  r.cthodas  sitiplifiies  semi  empiriques  done  1’ex- 
posi  sorcirait  du  cadre  de  cettc  communication. 

Nous  allons,  par  contre,  donttsr  les  r€jult,.ts  des  premieres  tentatives  qu©  nous  avons  faites,  cvcc  l'ONERA, 
pour  uodeliser  les  processus  de  la  combustion  "externe"  (aprSs  la  sortie  du  moteur). 

L'intSrSr  de  cettc  Stude  tient  2  l'inportance  prepondfrante,  dacs  le  css  de  la  rechauffe,  de  l’Svolution 
chimique  externe  et  de  l 'aide  que  pr£s6nte  un  ~ndSle  cat'ifmatiqve.  non  seuleoent  pour  mieux  compr endee  les 
r&sultats  des  tsesures  faites  au  sol,  aeia  aussi  pour  p,  _voir  involution  extvrne  pendant  1 'utilisation 
de  la  rechauffe  en  vol,  pour  laquellc  la  mesure  est  difficile. 

5.1.  Hypotheses  fondancntales 

Les  hypotheses  que  nous  avons  faites  simplif ier.t  beaucou;  le  problSne. 

Des  ameliorations  devront  etre  apportfes  par  la  suite. 

a)  HypothSses  a£rodynaniques 

La  vitesse  d'Ccc-ulemont  du  milieu  amblant,  dans  Xe  plan  dc  aortie  de  la  tuySrc  est  prise  nulle. 
c-*  suppose  le  jet  2  pression  constante  et  vitesse  initiale  senique. 

-omaa  la  pression  totalo  initiale  P. .  du  jet  de  1 'Olympus,  au  point  fixe  au  sol,  est  voisine  de 
3  bars  fvalcur  choisio  pour  le  ealeui) ,  nous  avons  etf  conduits  2  prendie  une  pression  ambiantc 
fausse,  egale  2  la  pre<sion  de  i'fccuiemcnt  sonique,  soit  1,55  bars. 

Lc  melange  du  jet  est  uferit  par  un  prograszse  de  calcul  mis  au  point  par  l'ONERA  (communication 
de  Mr.  BORGUI),  que  nous  avons  utilise  avec  les  hypothlses  de  cinftique  cxposCes  plus  loin. 

Les  transferee  turbulent*  sont  intreduits  au  moyen  de  la  notion  classique  dc  longueur  de  melange 
3  laquelle  on  sssocic  des  valcurs  tixees  des  neebrus  dc  Prandtl  et  Schmidt. 


I) 'ins  ut>  plan  transversal,  la  lorgueur  de  reflange  eat  supposes  constants  dans  la  zone  de  mflsnge 
et  proportionnelle  ?  I’fpaissaur  de  selii-ei  (coefficient  de  proportionnaiitf  voisin  de  0,1). 

La  a  nombres  de  Praodtl  et  Schmidt  ont  6t5  pris  constants  et  fgaux  1  0,83  (nombre  de  Lewis 
igal  a  1). 

b)  Influence  de  la  turbulence  sur  lea  tsux  de  reactions 
Cette  influence  a  et£  nfigligfe  pour  deux  raisons  : 

En  premier  lieu  le  niveau  de  turbulence  d&no  le  coeur  potential  du  jet  est  vraitemblablement 
asoez  faible  ;  cn  second  lieu,  et  aurtout,  il  s’sgit  d'une  Evolution  chimique  en  post-flamme 
qui  ne  fait  intervenir  que  de*  degrfs  d'svancemenp  chimique  asset  SlerStt  ;  per  consequent, 
acme  si  dnr«  les  zones  de  turbulence  51ev£e  (par  fxemple,  dans  le*  zones  cc  melange  avec  I’air 
ambient)  un  filfioent  de  volume  eat  bien  hftfrogSne  en  composition,  l:influence  sur  le  taux  raoyen 
de  rSaction  par  units  de  volume  devrait  etre  plus  faible,  puisqu'8  degrS  d’avancement  SlevS 
la  vitesse  globale  de  rSaction  eat  une  fonction  aondtene  dScroisannte  du  degrS  d'avcncemeat. 

c)  Hypotheses  de  einftique  chimique 

TbSoriqucment  la  mSthode  la  plus  rigouteuse  consisterait  £  tenir  coapte  d'un  grand  nonbre  de 
reactions  chitsiques  SISmentairas  fainant  intervenir  les  radicaux  libres.  Cette  nEtbode  prEscntf , 
quant  a  son  application  8  un  jet  ce  turborcacteur,  plus..eurs  difficultes.  Outre  la  complexitS 
du  syst&ae  chimique  envisage,  il  rssate  des  incertitudes  non  nigligeebles  sur  Ins  constantes 
cinStiques  (facteur  de  frequence  et  Snergie  d’ activation).  He  plus.  Involution  dea  esp&ces 
polluantes  suivant  l’abscisse  x  du  jet  depend  d’une  aanibre  considerable  des  concentrations 
.  initiales  en  radicaux  libres  (dans  J.c  plan  de  la  tuySrc  x  «  0) .  Ces  concentrations,  ne  sont  pas 
aisfinent  oesurables  et  I'on  ne  dispose  pas  a'hypothejns  de  calcul  suffiaamment  sures  pour  en 
es finer  les  valeurs. 

Nous  avons  finalement  reprSsentS  les  reactions  de  combustion,  comae  cell  se  f«it  de  faqon  clas- 
sique,  par  une  loi  cinEtique  globale  donnant  le  tova  de  consomoation  du  combustible  per  unitfi  de 
temps,  en  fonction  Ce  la  temperature  de  1 'eltacnt  de  volume  considSrS.  et  des  concentrations  en 
oxygine  et  en  combustible  de- cet  Element. 

En  fait,  le  combustible  8  considSrer  n'est  pas  le  carburant  injccte  nais  un  mSlange  de  CO  et 
d'hydrocarbures  divers. 

Nous  avons,  de  plus,  admis  que  1'ensetsble  des  im'orulSs  pouvait  etre  represents  valablemettt  par 
l'oxyde  de  carbone  CO  seal. 

C'est  l'hypothdse  qui  a  <iej8  6tS  faite,  par  exempie,  par  LOHGWELL  (rSf.10)  pour  interpreter 
sur  des  bases  purement  cinStiqucs  les  limites  de  stability  d'un  foyer  spherique  "homugSne” 
(1953). 

Nous  avon3  fait  nos  calculs  avec  la  tseae  expression  de  vitesse  ae  rSaction  que  celln  de  j 
LONGHELL;  8  savoir  S 

dlta  7  p  -21000 

-  2  -3T  -  l2A0  «  *  Ft  e  *  x02  *  xco  <5> 

08  X.  est  la  fraction  aolaire  du  constituent  i, 

P,  la  pression  en  Pascal, 

T,  1#  tempSrature  ea  “K, 

R,  L»  constante  de*  gaz  parfaits  -  8,314  J/molt  *K 
t,  le  temps  en  s. 

En  rSalitE  la  combustion  de  CO  s’acco't  _  .  es  Stapes  intermSdiaires  dans  lequel  le  radical 
OH  joue  un  role  .tondamental. 

C’est  pourquoi  certains  auteurs  ont  propesS  d’sutres  expressions  globale*  faisant  intervenir  ncc 
seuleoent  les  concentrations  de  CO  et  0,  sals  encore  celles  de  1’eau  formfe  par  combustion. 

Une  sycthSse  des  differentes  lois  possibles  figure  dans  I’article  de  G.3.  HOWARD,  G.C>  WILLIAMS 
et  D.H.  FINE  prEscntS  au  148se  symposium  de  combustion  (rfif.ll). 

Ces  auteurs  proposent  la  loi  ssyenne  suivante  valable,  cn  principe,  sur  une  grande  echelie  de 
tcmpSratur.'. 
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X  x  X0’5  x  X?’5 
CO  *02  x  ti20 

(oerees  unitSs  qu&'pour  (5)). 

Nous  svons,  en  plus  de  l'Squation  (5),  utilise  I'expressicn  (6)  peur  quelque*  calculs. 

Ces  lois  ne  peuvent  pretendre  rcprSsenter  d'une  manicre  crSs  prSeise  les  r£eultats  car  elles 
dependent  d'une  snaniSrs  notable  des  conditions  experimental es  dans  Issquclles  elles  ont  CcS 
Stabiles  (type  d'Scouieiscnt,  richesse,  niveau  de  turbulence,  domain*  <le  temperature  etc-..) 
et  ces  corditions  font  apparaftre  une  dispersion  notable  can r.  les  rfsultats. 
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d)  HypothSsts  chcrwdyuaniques 

Elios  co-cement  le  yrcfil  de  temperature  dsus  le  plan  da  la  sortie  de  la  tuylre,  qui  n'est 
pas  uni  force  pour  was  rechauffe  wrrtitile  telle  que  cello  de  1 'Olympus. 

Pour  simoler  i«3  difffercctes  possibil.itSs,  nous  svonc  envisage,  outre  le  cr.r  d'une  repartition 
uniforoe,  a  la  tsmpErature  ooyenne  du  jet  T^.  “  ISIO^K,  eelui  d’uca  rSparticioa  du  debit  total 

S>  en  deux  dSbits  :  I’aa  D.  qui  subit  uoe  reeftauffe  jusqu'a  la  tetoErature  d'arref  Tj..,  l'autre 
D,  o.ui  reste  a  ta  tempEraiure  d'arret  T  .  a  1'entrE*  du  canal,  c a  la  temperature 
d*arret  en  aval  de  la  turbine.  Le  repartition  entra  le  flu*  ohe.ud  et  le  flux  froid  eat  supposfe 
faite  de  taaniSre  3  assurer  une  pousaSe  flob-.-ts  constaute  et  Sga'te  a  celle  donree  par  la  repar¬ 
tition  uniform^  de  temperature  X  .  .  -Or.  a  done  approximativeaent  : 


/  T,:*1SC§°K/ 


Les  calculs  preseatSs  iei  6nt  StS  rEnlitEs  svec  ies  yaleurs  srivantes  : 

T..  -  13/0‘K  T.  ..  *>  iiflO’K  T. ,  -  ».02C  f  soit  un  rapport  D, 

cjn  tji  *>  0,75 

Sous  avona  envisage,  pout  ce  mom-  rapport  U./D,  les  deux  repartitions  (a)  et  (B)  portSes  sur 
la  figure  *7.  La  repartition  (A)  cotxcspona’a  une  rechauffe  localisEa  au  voisinage  de  1 ‘axe, 
alovs  que  la  repartition  (S',  scfcSwatna  tuie  rechauffe  contentrSe  vers  l'extfirieur  du  cenal. 

5.2.  Evol  ition  dana  le  coeur  poteiitlei  du  jot 

L'evolution  rfisulce  dire'«.nent  de  1' integration  dee  relations  (5)  ou  (6)  compt  tenu  de*  hypo'”hS*e8 
faites.  Bile  est  caractfirisSe  par  la  valeur  J.u  rcnles^ut  rj‘  da  combustion. 

La  figure  14  prSsw.te  la  variation  de  V  e..  ronct’ou  do  tesps,  pour  diverse*  tenpSraturec  totals® 

— itiales  suppoaEee  utiforaea  dens -tout  le  jet.  II  s’agit  ^onc  d'un  calcul  paramEtrique  prEalable, 
destinS  3  domier  1 'or dr a  de  grandeur  de  i' influence  de  T^.,  en  ignorant  les  hypotheses  thermody- 
naadquec  du  cas  de  l'C-lympua  (paragraph  S.l.d)  qui  aeront  reprises  pins  loin  pour  1 'Etude 
coaplet*  du  jet, 

Naua  avons  traitS  le  calcul  aver  un  rendenent  de  coubustion  initial  au  droit  de  la  tuyisre  de  0,75 
(valeur  ne'  .  lent  pins  reifcie  que  t-ille  de  1  Olympus  nu  dEcollage). 

n*[rsnd«rr»m_  On  pant  remrrquer  qu’en  augsentant 

1,0 ’  “  :  !  —  Ttj  de  200*  on  atteint  le  m&ne  rends- 

T(j=1800 "‘K  j  /  ■fj:*15CJ5<y//  /  /  /  sent  en  un  tesps  10  fo is  plus  {  tit 

<jt(5  ~  J  J'  ,  7  / _ _  (voir  aussi  figure  15}  et  que,  Centre 

7  '  'll  /  part,  aux  basses  tempfirstures  1400*K, 

ft  /  .  /  j  le  loi  (5)  aboutit  4  des  Evolutions 

953 - l~f‘-\ - T - f\-t- - / -  plus  lentes  que  la  loi  (6)  alors  que 

/  /  II'  /  !  set  effet  a* inverse  aux  haute*  tiuapcra- 

j  j  /  /  (  /  BASES  C1NETIQ0E'  tures.  '‘is  rSscltats  sont  la  consS- 

0_gj - _ -J- _ — _Z _ —  .  Looflwsi*  quence  normsle  des  valeurs  diffEtentes  ' 

bf  /  /  /  /  '  - Howard  des  Energies  d ‘activation  des  ex  pres- 

//  /  //  /  Tt jo1370  °K  sions  (5)  et  (6). 

_ y  / /  /  * _  Les  variations  de  n‘  en  fonctior,  de  t 

S  r  //  . '  aout,  pour  les  deux  cinEtiques,  tvia 

semblablea. 

0,75 1  - - - -  - -  -  La  longueur  axiale  L  du  coeur  pvten- 

10-a  1(J-u  ^0-J  {,s,  tiel  vaut  approximativeaent  10  fois 

’  „  ‘  J  le  rayon,  soit  dans  le  cas  do  la  tuvilre 

Fig.  14  Evolution  thSorique  dans  le  coeur  potenticl  de  1 ’Olympus  une  longueur  de  4  a  4 

(rechauffe)  4,5  m  environ. 

II  en  rEsulte,  ccnptc  tenu  de  1‘hy- 

T3j£*k3  t*  T*mps  nicessalr*  pour  afsindro  T|mO,9S  pothSse  aimplif icatrice  d’un  champ 

900!  - - -  de  pression  uniforme,  un  temps  de 

pare our a  sur  1‘axe  d ‘environ  0  ns. 

509  - _ Bans  cee  conditions  les  figures  14  et 

v'n.  \  15  montrent  que,  poiu:  le  filet  de 

(lj8 _ _ nS _ _ ccurant  sur  1'ase,  le  rendement 

.  j  dEpasse  0,992  dSs  que  X  .  atteiat 

Tv  !  H00°K. 

Xta - - Per  centre,  pour  le*  iilot.i  extemes, 

ClfiETlOUcS  tsi^is  de  sEjour  est  plus  fribie 

i»j - - - - - _ et,  4  la  sortie  du  coeur  potential, 

■  X  Unswslt  ii  reste  una  proportion  de  CO  plus 

lftJ  _  _ _ Howard---*  *  ^  importante. 


Fig.  14  Evolution  thSorique  dans  le  coeur  potenticl 

(rechauffe) 

Tjj[°X]  ti  Tsmps  nEcessalre  pour  at*s;ndro  T)m0.99 
1908! - 1 - 1 - 
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Fig.  15.  evolution  thSorique  dans  It  coeur  potentiel 

(rechauffe) 


5.3.  Evolution  chimique  dans  l'ensaaljla  du  jet 

Seale  ie  loi  de  cinEtique  chimique  bioolEculaire  ropirEatntSe  per  1  'expression  (5)  a  Et€  utilisEe 
pour  ces  csicul*. 

Le  niveau  de  pollution  dans  un  plan  y  perpsndieulaire  3  l’rxs  du  jet  (voir  croquia  ci-contre) , 
eat  caractErisE  par  le  dibit  de  CC  dans  cette  section,  soit  t 

M-o 

Dco  -  /  <>v  *co  r2  2  *  y  d-v  </) 

In  ® 


est  la  oasse  vclunique, 
la  vitcsse  d'Scoulement  axiale, 
les  Basses  molairos, 
le  rayon  au  point  cocaidErE, 
le  reynu  extErieur  du  jet. 


liaite  du  -jet 


-  X 


coeur  potontiel 


none  do  nSlangf 


L1  integration  dans  le  plan  x,  y  est  fsite  en  utilisaut  le  programo-  OKERA  (voir  5-1. a).  Lea  rdsulcats 
sont  rcprEsentfa  en  employant  l'indice  d 'Emission  1E„0  dSduit  de 

La  figure  16  reprEsente  Involution  de  l' indice  IEp-  en  function  d»  J.'sbsciose  x  conptEe  3  partir 
du  plan  de  sortie  de  la  tuyirt,  pour  uae  rEpartition  unifonae  de  taapErxture  T  ,  »  i370*K  et  pour 
deux  valeura  du  feodeaent  n'  au  droi*  de  la  tuyEre  (0,75  et  0,85).  c-* 

Ln  figure  17  nentre  1 'Evolution  de  IE-,,  en  fraction  de  x  dans  le  eas  doo  rEpartiticnp  de  tempera¬ 
ture  (A)  st  (B) .  C0 

— — L_. - , - - ^ 

\  On  canstota  que  la  dEcroissance  ini- 

\  !  T*  «7S°K  tial .  de  CO  est  ropide  nuis  qu’au 

\  del3  d'uae  uistanco  d'onvircu  6  a. 

\  les  rEactions  chimxqu-o  done  prsti- 

\  quenent  figEes,  le  niveau  de  pol'fu- 

- - V— - - -  tion  nc  variant  plus.  Pour  la  rEpar- 

\,  i  tition  (A),  an.psrticulier,  la  valeur 

finale  de  l'xndice  (*  40)  rst  asses 

— -  A75  proche  dcs  vaieura  qvi  one  EtS  me- 

v  "  '  suxEer  (paragraphs  4.2.).  La  riparti- 

N.  '  RENOEWEKT  if  tion  (f.)  ect  aetttmens  plus  dEfavo- 

- -iv— - - - /sortie  oiotaor)  table  car  les  filets  de  courant  ex- 

/'  t ernes,  3  le  tesj'Erature  aaximale, 

/  renccntvent  plus  rapideswnt  la  lone 

_ _ _ _ 045 /  da  aElaago  daps  la«uelle  incervient 

ml  figeage  plus  prEcoce.  Du  strict 
point  de  Vue  pollution,  il  serait  done 

; - — - - - - : - - - -  w  nScbbseire  de  cmcentver  la  rechauffe 

*1Z3,5*7,x'~fn'  eu  voisinege  de  l'axe.  0c  plus,  on 

P]  REPARTITION  DE  TEMPERATURE  constate  que,  dans  le  css  d'ure  rfe- 

l  partition  unifertae,  lea  nivaaus  de 

l _  — nWlO8*  . VltMEK  pollution  firaux  restent  approxi- 

1  — — yj  '  xativement  dans  le  rapport  das  ni- 

\  - ,  1821  "X  veiux  xnitiaux  (rapports  dcs  qusn- 

\  i— .  ..-1^3  titEs  i  ~  rf). 

I  A3  Per  contre,  dans  le  cas  des  rEper- 

\  taUrf*ur*  ExtErlwm  titions  (A)  ou  (B),  l'amSlioratirm 

_ t  j _ _ _ _ _ _ _  du  rendeaent  initial  n’envrame  qu'une 

r\  ~  diainufion  bsaucoup  plus  foible  ie 

V  \\  la  pollution  rEsiduelie.  I 'importance 

\  V  de  1  'Evolution  chiaique  externe  sur  ~ 

\.\  \  1  la.  pollution  ect  prEpoodSrcnte. 

Vv  V  )  CONOmONS  A  U  SORTIE  OU  MOTEUR 
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figure?  16  et  17  -  Evolution  thEorxque  de  1' indice  Doyen  de  CO  aprSs  la  sortie  du  eoteur. 
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5.4.  Conclusions 

Bien  que  fondS  sur  Ucr  hvpothSseii  trts  sittplif i£cs,  le  modSia  pr6sunt.S  dsns  ce  teste  donne  une 
representation  assez  satisfaisante  des  phSnoaSnes  lea  plus  importers  de  i ‘evolution  ciiiaique 
dan*  le  jet  d'tm  turborSacteur  avf  rechauffe. 

On  note,  er  particulier,  que  du  point  de  vue  pollution  au  sol,  lea  transformations  chimiquea 
aprSs  la  sortie  du  aoteur  ont  une  influence  pripund6rante. 

L’ordre  de  grandeur  de*  indices  d'fimission  calculBsS  6  m  pour  lee  repartitions  de  temperature 
(A)  et  (B)  (assca  voisinca  des  repartitions  rCeiles)  eat  asi-.'.z  ptoche  de  la  r£alit£. 

On  constate,  par  consequent,  que  le  fait  da  nfgliger  1 ' influence  dc  la  turbulence  sur  la  dvtpsri- 
tion  de  CO,  ne  semble  pas  affecter  lea  rSsultats  comme  cel2  est  le  cas  lorsque  l'os  cherche  £ 
taodSliser,  par  exemple,  1*  propegation  turbul»nte  do  la  combustion  a  I'intfrieur  du  foyer  i't 
rechauffe.  NSanmoins,  i ?  oat  clair  que,  pour  obtecir  une  representation  plus  f idle  des  phSnoaSnes, 
il  est  nScasaaire  d'aaSliorer  par  fitapes  le  ocdSle  dScrit,  le  premier  stade  Stant,  2  notre  avis, 
une  description  aSrodyuaoique  corrects  du  jet  aupersonique. 

Nous  pourrons  eo”i gager  alors  d'utitiser  la  tiSthode  £  1  'etude  de  la  pollution  cn  vol. 

LA  REDUCTION  DE  LA  POLLUTION 


6. 1 .  Cas  de  la  rechauffe 

Le  cas  de  la  rechauffe  est  tres  difffirsnt  de  colui  de  la  chambre  prineipale.  La  rechauffe  is*  produit 
aucuns  partiruie  de  carbone  (elle  brGle  en  partli  relics  qui.  aont  formSes  dans  la  chambre  princi- 
pale)  et  aucuri  oxyde  d* azote,  au  mains  dans  .le  .;«•  dc  l'Olympus. 

La  pousste  maxima  le  du  aoteur  eat  obtenue  pour  la  tempfiraturo  maximalc  des  gaz  de  sortie. 
Ganfralement  cecte  tempfcratur >.  oct  atteiute  pour  une  richesse  globale  d'injection  (chambre  prin¬ 
ciple  plus  rechauffe)  voisine  de  t.  Cette  richcsse  n'oat  pas  favorable  2  une  Evolution  ccttplSt* 
dss  reactions  chimiques  jpr£s  la  sortie  du  meteur  par  suite  du  dfifaut'  J'oxygSne 
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Par  contra,  pour  une  rechauffe  meins  poussJe,  correspondent  2  une  tichesse  de  l’oidvc  'le  1 
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len  viteasea  de  reaction  de  post-f laocw.  deviennent  optimales  ce  qui  devnit  etre  plus  favorabls 
du  point  de  vue  de  la  pollution. 

Dana  le  eas  d’une  rechauffe  partielle  telle  que  celle  de  l'Olympus,  la  ..ituation  est,  2  act  Bgftrn, 
plus  favorable  et  une  ccrtrine  optimisation  de  l' injection  peut  dicinuur  au  sol,  I'fimissicn  ce  CO. 

On  doit  noter  que,  dans  I’etat  actual  des  techniques,  la  part  de  la  rechnuffe  dans  l’Sniseion  de 
CO  eat,  de  toute  faqon,  oodeste  (de  l'ordre  de  10  2  20  X  dans  le  cas  de  l'Olympus),  par  suite  du 
temps  d'utiiisation  restreint. 

6.2.  Chambre  prineipale  -  Rencrqt-es  pc€lininaives 

Avec  une  technique  classicue  (un  Stage  d' injection  et  une  geometric  fixe),  lea  moyens  pvopres  3 
rfiduire  l*6miseicn  de  CO  et  des  hydrccarbures  au  rajsnti  ont  tendance  3  augmenter  l’Caiesien  to- 
tale  des  oxydee-d' azote  ct  reciproqueoent. 

Seu'ies  des  techniques  diies  "evancSes",  du  .oint  de  vue  pollution,  utilisnnt  I'injecticn  6t*g£e 
ou  une  gSomfitrie  variable  peraettent,  i  priori,  vine  optimisation  simultanSe  pour  1*  ensemble.  des 
pollcauts.  II  convient  de  noter  que  la  g€n€ralis.  ticn  rficectc  des  tubes  2  flames*  anaulaires  a  ap- 
portS,  du  point  de  vue  pollution,  un  urogrBs,  En  effet-  1*  chambre  annul a ire  rfduit,  en  g?oe  par 
deux,  les  surfaces  dee  coles  oouillles  par  les  gaz  et  protSgfes  par  les  cot-chos  d’air  dee  "films" 
de  refroidisseaent,  ce  qji  dimirvue  (paragraphe  3.2.,  page  32.51  les  Emissions  de  CO  at  HC, 
particulier  au  ralecti. 

Nous  evens  d6j2  signale,  d'autre  part,  que  les.prcgris  'opcitancs-  sinon  dScisifs,  avaiont  Std 
fnits  dans  la  maitrise  des  techniques  propres  2  suppriasr  les  fusses  viuiblss. 

6.3.  Chambre  prineipale  -  Amelioration  des  tochniq»v.i(  clasciquet 

a)  Considfronr  tout  d'afcord  le  probl2z«  ce  la  rSduction  des  "jibin' CO,  hyurocarbures  et  fumdes 
Leur  rSductlon  revient  3  l'amflioratior.  du  rcnds-ae.it  de  combustion  n5. 

Le  noyen  le  plus  Svideat  consinte  2  diainu^r  la  charge  «>Srodynaainue  51  (relarien  (4),  page32-7) 
par  augafcntation  du  volume  V  du  tube  2  flame . 

On  cat  capendant  limits  danB  cette  voie  par  des  questions  d’encomirement,  spScialement  en  longueur 
de  chaml-re  et  particulilremcnt  pour  les  moteurs  faihleaunt  ceaprimeff^dont  les  chanbres  ont  des 
volume s  dbjA  importanis,  memo  pout  des  51  £lev6s.  D'autre  part,  une  diminution  crop  grande  des 
vieesses  d'vcouleasnt  a'r,«c  pas  favorable  2  la  rapid  itA.  de  ia  preparation  du  melange  car  bur  6 
(vaporisation  des  geuctos). 

Cu  allongemcnr,  de  la  chsabve  r’s3t  pas  bon  du  point  de  vue  refroldissement  dea  patois  du  tube 
3  flaseae  (r£f.2). 

Un  douxilai  moyen,  pout  ameliorrr  Ae  rerdenent  au  ralenti  consivto  A  augmeatev,  2  ce  rfgitao,  la 
richesse  laoyeraifc  de  la  tone  de  combustion  qui  est  trop  pauvro,  «m  diainuant  le  pourcentage  de 
l’air  de  coubuslion.  On  change  ainsi  "l'adaptaticn"  de  la  chambre.  Toutcfol*,  :11  y  c  de*  limites 
2  ce  plocedc,  en  pntticulier  pour  les  aotcars  fortement  compvimes  pour  lesqrcls  ^augmentation  de 
la  richssae,  *u  decollage,  accroit  I'fnission  des  fumSes  au  dScollage. 


Le  v“4idcRcnt  de  cccbv.  txon,-  au  ralenti,  devrcit  ausoi  rtre  amSlicrS  en  fivitant  le  figensT 
pxfict'cii  des  rdictioai.  toit  par  i’air  da  dilution,  scit  par  1c*  ''ill's-/'  de  refroidisactaent. 

II  y  a  done  thEoriquement  intErSt  3  intvoduire  J.'air  de  dilution,  ",e  plot  taxd  possible. 

13 c-.o  eugsseatsiioa  du  niveau  de  turbulence  eat  de  nature  3  smSliorcr  les  rendeuants  de  combus¬ 
tion  aait  on  eat  limlte  ds&s  cette  voie  par  la  perte  dc  charge  at  lea  probliss**  de  refroidie- 
secant  du  tube  3  flame . 

Pour.  Svitct  les  fuaies  et,  dsn*  an*  cettaine  aenurr  let  hydronarburea,  il  fact,  cost*  on  1'" 
vu,  dininuer  > ( importance  ilea  zones  riches,  tin  prlnulioge  total  avea  1’air  de  combustion 
n'est  pas  cdcissible  car  la  liaite  d  'extinction  fauvjede  la  r.tua ?bre  serait  alors  tt or>  Sieves 
Hftie  on  doit  fiwiriser  le  aelangc  rapide  du  carbursnt  avec  une  fraction  de  I'air  he  combus¬ 
tion,  svec  nSlange  ultdrieur  avcc  les  gaz  brulSs  .recirculant  dess*  3a  roue  priaaire. 

Avec  l'injectioa  clatpique  a  "pulverisation  cicBcique",  ce  preziflangfc  partiei  est  cbtew>  en 
faisant  passer  uu  debit  d'air  A  I'intSrieur  4*  l'injecienr  et  en  is£nageant  certains  orifice* 
q* trerfe  d’air  de  combustion  dans  le  fotid  du  tube  <1  flame  (voir,  oar  exeaple,  les  Etudes,  oe 
Pratt  and  ybitnay). 

II  nous  prtalt  pt2£*>rable  de  oolifier  la  t  ■  •  sue  d’injectlon. 

'  Le-  planche  de  la  figure  3  tshScatire,  sous  in  force  ntse  au  point  a  la  SKeCiA  (voir  rEf.J  et  2), 
la  technique  dite  de  1*  prevaborisation  developpSe  initialcaent  et  touiours  utilisSe  par  les 
Britanniques  sue  certain/ de  leurs  aoteurs. 

Une  fraction  de  I’air  de  combustion  .et  1c  combustible  sent  iacrodbics  ensemble  5  1  ’entree  du 
prfvsporisateur. 

Ce  syatSme  presence,  en  outre,  d'sutres  avantages  dSteminants  (ref.l),  roais  pore  des  problE- 
ses  de  tsnue  nSeaniqus  et  choitlitrie  pour  lea  cotcurs  £  performances  Slevees. 

Une  autre  technique  e*t  celle  dc  la  pulverisation  pnsuaati<?,e  .  le  combustible  est  injects  di- 
ret-.eaece  dans  uhe  f  "action  de  I'air  priaaire,  sans  conduit  penfitrent  £  1'intSrieur  de  la  zone 
do  combustion.  La  vitesse  de  I'air  rSsultant  de  in  parte  de  charge  du  tube  a  fiance  peraet, 
en  principe,  d'obtenir  une  pulverisation  fine.  Mi'is  1 'adaptation  d’ur.  tel  systEme  S  une  struc¬ 
ture  d'dccuieocnt  convcnable  dans  la  zone  dc  combustion  n'est  pas  facile.  Nous  svons  d£vc3cpp£ 
un  dispositif  de  ce  genre  dont  les  premiers  rSsultats  aus  '•sues  partiel*  softt  prbcettcurs . 

b)  Lz  reduction  de  I'dmission  deg  cxydes  d 'azote  ieplique  celle  des  tenps  d«  zejoor  £  tetspdra- 
turc  ElevSe.  '  / 

Kalheureuseoent,  la  plupart  des  proc6d6s  fnoncts  plus  haut  pour  aoSlicrer  les  rerdesents  de 
.  cocbuctiou  et  diuihuor,  au  ralenti,  "l'&aission  de  CO  et  des  hydrocarbares,  sont  dfe  nature  a 
favoriaer  la  production  des  cxydea  de  1’ azote. 

11  faudrait,  en  effet,  eviter  de  maintenir,  auk  regimes  cloves,  le*  gaz  brules  S.  dec  richesses 
voisines  de  S . 

Un  rEglage  pauvre,  sux  regimes  61ev£a,  de  la  zone  de  combustion  ne  pernet  pas  les  rdalluaages 
en  altitude  et  les  bona  rendesenta  au  ralenti. 

Un  rSglagc  riche  est  ndfaste  du  point  de  vue  des  foissiona  de  faofea  et  se  traduit,  dans  la 
-  zone  de  dilution,  par  un  passsged  des  richesses  voisines  de  I. 

D*  toute  faqon,  l’hct£rog£n£itS  des  richesses  de  Is  zone  de  combustion  «t5nue  les  etie'.r  h 
attendre  de  ces  rEglagei  (r6f.i3). 

Lc  scul  proc£d6  vrainent  efficsce  est  l’injectioa  d'tau  dfminSralisSe,  au?.  regime®  Sieves, 
dans  la  zone  de  ccriustiou,  injection  qui  rbaisse  estate  il  convieut  les  temperatures  do  flaa- 
oe.  Sur  une  turbine  d  gas  Hispato-Seiza,  nous  svons  obtenu  au  point  fixe  uhe  reduction  df 
SO  2  de  I'&sission  dc  S0£  en  injectant  un  debit  d'eau  dc  39  2  du  d£bit  dc  combustible. 
Kalheureuseaent  1' injection  d'eau,  utilisic  systematiquetaent  au  df.collage  c~  en  oontSe,  est 
une  sertitude  lourde  er  pose  des  problEtaes  de  duree  ds  via  des  parties  chaudes  du  ooteur. 

De  plus,  ce  prccedS  est  inapplicable  pour  rlduirc  les  iinissiuns  en  crcisiSre. 

6.4.  Chsmbre  principtle  -  Seduction  de  la  pollution  par  des  techniques  "avancSes" 

"I/fitsgeraeat  de  1'iajectioa"  cat  soit  radial,  noit  axial.  La  KASA  s  publiS  certains  rcsultatv 
conceraant  un  Statement  radial  S  “aodules''  ideutiques. 

L' injection  axialc  est  suuvent  citfe  mais  nous  ne  cor.naissons  aucun  resultat  public. 

Dans  son  principe  1’ injection  StagSe  est  un  vjtn  propre  &  rSduire,  S  le  fois  les  imbrulSs  et 
les  cxydes  d'aznte  pui&que  les  richesses  woyennes  des  diverses  rones  de  combustion  yeuveat  etre 
optimisEes- 

Touteiois,  pour  qua  le  bSaSfice  3  en  rclirer  soit  rfel,  il  faut  que  Its  t  .'niques  d'injccticn  ct  la 
sf lucture  ds  l'Ecouleoent  d'air  dans  les  d/ffSvrutes  zones  soieat  ccrrcctamcnt  realisEes,  ce  oui 
n'est  pna  une  tache  facile. 

La  gjcsStrxe  variable  est  ovidccaer.t,  a  priori,  un  coyen  d'adapter  les  tichesycc  par  variation  des 
orifices  de  paRsace  d*alr,  asis  la  coepljxitf  tnchnologiquo  est  un  lourd  handiwap. 

La  figure  38  centre  le.  schfna  de  principe  d'une  thambre  conque,  3  priori,  pour  rfduire  L'&iss'.on 
he  1 'ensemble  des  iebrulSs  sans  g6oa€t£(e  variable. 

Ls  flux  fsrtant  -iu  cooprt«seut  est  di.vise  tn  deux  parties  alic*ntant  dcuS  chanbrcs  tnnulaires  con- 
ccntriques. 

la  ebaebre  cztf rieuta  A  compottc  ur.t  zone  Ce  combustion  dc  type  cle-.sique  alicentSe  par  des  injec- 
tcuss  constituent  la  zone  d'injcr.ticai .  Za  dfbit  d'air  de  combustion  est  optimise  pour  1*  rsler- 
tl  irichetss  cayenne  voisine  de  1).  Un  craplfmei  t  d'lir  est  introduit  dans  unz  zone  sccondaire  de 
la  chsabre  A,  Les  gaz  brules  .ortant  dc  Is  chaol>r<  \  sbnt  it.troduits  sou*  fi.r»\‘dc  jets.  3  cravers 
une  cloison  P  dans  une  zone  oil  ils  *J  tselcngent  au  flu*  iottant.  de  la  cha  ce  B. 

La  chsabre  B  assure  I'ccsentiel  de  la  cocsust i.a  a  rigice  flevf,  la  chaabre  A* fcnctionna »t  alors 
A.  tr£s  faibic  chirgc. 
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Fig*  i3  -  Schfaa  d’une  chsrsbre  sotipoliucioj  3  deux  Scoalemsnts  - 


L' inject ion  dens  la  chu&bre  B  (tone  d’ inject  ion  2)  **t  du  t  '9  premflange,  come  pour  une  re¬ 
chauffe,  et  is  stabilisation  esc  die  aussi  seablable  2  cel  :'une  rechauffe. 

On  peat  ainni  adapter  cette  chenbre  3  line  richesse  dloignf e  oe  '  (de  prEfErencc  pauvre)  e; 
ifcoxsir  ic  reaps  de  sejcur  de  faqon;£  rEduire  le  plus  possible  les  oxydea  d'azotc  (r€f.l4), 

Le  pr&aElattga,  a’il  est  bier,  uoifeetse  au  niveau  des  stabiliaatcurs,  garantit  un  foactionncoent 
sacs  fureec  visibles'. 

.  Une  difficult?  se  pose  dans  le  eas  dig  Kcteurs  pour  avions  cu; eraoniques  j  si  ia  richesse  de  dEcol- 
loge  de  la  chaabre  B  est  netteaent  pauvre,  en  croisiEre  1*  richesse  de  cettd  taene  cbsnbrc  risque 
d’etre  inssffisaut2. 

Flusicurs  '.utiens  peuvent  alors  acre  envisegfe3  suivanr  l’inportance  respective  des  probiEnes 
de  ia  pollution  par  lea  oxydes  d’asoce  au  sol  et  en  vol  (nulciplicarion  des  zones  d’ injection  de 
la  chiRbte  B  oa  utilisation  d’unc  zone.  <J* injection  cocsplfccentaire  3) . 

L’dlua.-ige  de  la  chaabre  A  st  clsssique,  celui  de  la  chacbre  B  pouvant  si  faire  par  1’im.arwE- 
diaire  d’unc  intercocauaicstion  entre  A  ct  B. 

La  division  des  flux  peut  etre  fsite  prEalableaent,  au  niveau  du  dernier  Eiagt  de  compression  du 
eocprcsscur.  Ainsi  5a  part*  de  charge  de  la  chsmbre  A  est  plus  ElevEe  par  suit',  d’une  coapresssion 
suppiecenteire,  ce  qui  favurise  les  rendenents  de  coobustion  au  ralenti  et  le  tielange  des  tlux  des 
chaabres  1  et  8,  Is  perte  de  cc-'-ge  de  B  Scant  plus  faible. 

les  g-ina  1  attc.ndr=  d’unc  telle  technique,  pour  lc  Dene  voluoe  global  que  celui  d’une  chaabre 
clessiquo,  scut  difficile*  3  estiaer  avec  precision. 

XI  7  a,  biea  sur,  beaocoup  de  problSces  3  rEsoudre  fc'is  que  celui  du  refroidisseaent  des  paroio 
(en  particulier  la  cloisor.  P) ,  celui  de  la  repartition  de  tecpErature  3  1’entrEc  de  Is  turbine 
et  c.'lui  des  rEgiraei  interrcEciaires , 

lie  touts  fa;on,  le  poids  de  la  chaabre  sersit  augeeutE,  la  rEgulation  du  carburcnt  rendue  plus 
cosplexc  et  le  prix  du  moteur  accru. 

7.  cokclusions 

Les  price ij'ux  probii-ces  de  la  pollution- des  ncteurs  d’avicn  3  rEacticn  sont  l’Enission 
d’oxyde  de  carbonc  et  d’nydrocarburcs  iabrules  diver-,  pendant  les  phases  de  roula&c  au  sol,  1 'Emission 
de  particules  et  des  oxydes  d’azote  au  dEcollage,  e.i  »ont£e  et  en  altitude  pendant  la  ctois’.dre. 

Bn  progres  notable  a  dejA  £tE  fait  pour  les  iabrulEs  au  ralenti  (CO  et  HC)  par  l’caploi  systEnatiquc  de 
la  chaabre  annulaire  et  pour  les  futsees  visibles  par  l’utilisation  de  techniques  d’injection  aaeliorfes 
favorisant  un  prEaElnnge  partiel. 

Des  asEliorstions  peuvent  ctre  apport*es  sux  techniques  classiques,  Dais  dies  sont  listitEes. 

II  faut  rcasrquer,  de  tcute  faqon,  qua  lea  problEces  r.c  sont  pas  les  s?ces  sui**nt  le  type  de  moteur. 

Les  turboreacteurs  de  faible  puissance  et  ce-*  dent  le  taux  de  cosprecsion  est  oodeste  sont  dSfavori- 
s£s  pour  l’Enission  des  inbrulEs  au  ralenti,  les  soteurs  3  taux  de  ceapreasion  Eleves  et  de  forte  puis¬ 
sance,  pour  les  oxydes  d ’azote, 

Des  techniques  "avAneeBs"  (injectioi,  EtagEe,  geosutrie  variable)  devraient,  en  principc,  require  l’en- 
s cable  dee  Emissions  Dais  ieur  application  pose  des  problcces  tcchnologiques  trEs  isportsnts  qui  nfeet- 
sitent  d»  longues  rcchetches. 

La  rechauffe  -e  pose  au  sol  qu’un  prcoiEse  rclativtoent  peu  important  d’Eaission  de  CO  ct  iiC,  nais  les 
aoyens  d’action  sont  linicEs. 
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Discussion  on  Paper  32 

“Point  de  vue  du  motoristc  sur  la  conception  dcs  foyers  a 
faible  taux  de  pollution” 
presented  by  A.Quilldvdrd 


A.K.Fomey: 

(1)  Reference  Figure  11  shows  N0X  formed  in  ofteibumcr.  Would  there  be  more  N0X  formed  at  h‘,hcr  rates? 

(2)  We  hive  run  at  higher  levels  up  to  Mach  2  (main  fuel  =  afterburner  fuel).  This  yields  20%  increase  in  N0X 
and  at  Mach  2.6  a  25%  increase  in  N0X. 

A.QuiUdvdrc:  II  nous  est  difficile  de  rdpondre  &  la  question  posec  car  nous  n’avons  mesurd  !es  cxydes  d’azote. 
avec  rechauffe.  que  sur  {’Olympus  et  nous  n’avons  pas  entrepris,  non  plus,  1‘etude  d’un  moddle  mathdmatique 
pour  la  formation  dc  N0X  dans  la  rechauffe.  Un  accroisscmcnt  de  prodretion  de  N0X  avee  rechauffe  de  20% 
n’est  dvidcinment  pas  odgligcablc. 

La  diifdrence  entre  vos  rdsultats  et  les  notres  tient.  peut-ctr',  au  fait  ouc  la  rccliauffe  de  l’Olympus  est  unc 
rechauffe  partiellc,  dent  la  tempdrature  de  flamme  est  en  moyenne  rclativemcnt  bassc.  I!  est  possible  que,  pour 
dcs  taux  de  rechauffe  plus  elcves.  la  production  dc  NQX  nc  soit  plus  ncgligeable. 
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assess? 

The  proposed  Eyr*  t-oirent  &1  Protect  ion  Agency  (E?>.)  regulations  for  aircraft,  eugrue  ealaFiens  are 
examined  £a  t«»  of  their  impact  on  the  application  to  rulitary  aircraft  gts  turbine  engines.  A 
quantitative  tsssssneat  of  current  engine  emission  levels,  design  trends  end  potential  emission 
control  it chniquee  is  .presented.  It  is  concluded  that  special  considerations  most  be  afforded  to 
military  aircraft  relative  to  direct  application  of  £?A  regulations;  however,  cany  future  mission- 
reducing  advaness  wlii  be  .applicable  to  military  gas  turbines.  U,  S.  Air  Force  goals  have  b*en 
established  to  insure  that  new  engines  take  advantage  of  this  technology,  and  era  i.i  accordance,  to 
the  greatest  degree  possible,  with  what  EPA  requires  of  caseerclal  aircraft.  These,  goats  are  in 
ter*?  of  lainimua  idle  combustion  inefficiency,  maximum  allowable  oxides  of  nitrogen  (lb/1000  ib-fuel) 
and  sxaxiraci  alienable  sooke  cumber.  The  rationale  behind  using  these  parameters  and  the  means  by 
which  the  i^sserical  limitations  were  derived  a ye  described. 


IKTRODUCSTOli 

In  recent  years.  Increased  citizen  awareness  of  environmental  issues  coupled  with  the  obvious 
visible  smoke  calcs  loos  frea  Jet  aircraft  has  brought  substantial  public  attention  to  airemfi- 
contributed  pollution.  Although  scoke  by  itself  ray  not  be  harmful,  it  did  focus  attention  on  Jet 
engines  as  a  source  of  Invisible  toxic  gaseous  missions  (carbon  nonoxide,  hydrocarbons,  and  oxides 
of  nitrogen}.  As  airports  became  busier  with  core  frequent  operations,  it  became  evident  that  ?.t 
least  the  possibility  existed  that  these  individual  mass  emissions,  when  concentrated  in  the  local 
airport  environment ,  could  result  in  ambient  levels  vhi -h  exceed  allowable  levels. 

Concern  within  the  United  States  culminated  in  t*  'delusion  of  nass  emissions  from  aircraft 
engines  in  the  considerations  of  the  Clean  Air  Act  Aner.oaents  of  1370.  This  legislation  requires  that 
the  Environmental  Protection  Agency  (EPA)  assess  the  extent  to  which  aircraft  emissions  effect  air 
quality,  determine  the  technological  feasibility  of  controlling  such  emissions,  and  establish  aircraft 
emission  standards,  if  necessary. 

The  i e suiting  EPA  assessnent  of  the  impact  of  aircraft  exhaust  emissions’  has  indicated  the 
necessity  to  regulate  aircraft  emission  of  carbon  monoxide  (CO),  total  hydrocarbons  (C^Ky),  oxides  of 
nitrogea  (KO*)  and  visible  smoke.  It  should  be  noted  that  SO*  as  used  herein  represents  the  summation 
cf  emissions  of  EO  and  dOg.  Specifically,  the  emisisons  of  non-methane  hydrocarbons  by  aircraft  are 
estimated  to  be  "far  in  excess"  of  the  hydrocarbon  standard  at  many  airports.  Carbon  monoxide 
emissions  in  some  areas  of  public  access,  where  contributions  of  CO  by  aircraft  are  major,  exceed  the 
standard,  and  aircraft  generated  EO2  concentrations  are  s ignificant  but  well  below  the  standard.  The 
EPA  study  alsf  indicated  that  particulate  emissions  due  to  aircraft  alone  resulted  ir.  concentrations 
in  excess  of  the  secondary  (welfare-related)  air  quality  standard.  The  limitations  presently  being 
considered  by  EPA  were  derived  from  these  conclusions. 

Although  carbon  jonexide,  hydrocarbons,  oxides  of  nitrogen  and  smoke  are  the  most  often  mentioned 
Jet  engine  pollutants,  a  more  detailed  description  of  pollutants  could  be  considered,  (a)  total  hydro¬ 
carbons  can  be  further  organized  into  unreactive  hydrocarbons  and  reactive  hydrocarbons  or  even  finer 
subgroups;  (b)  besides  the  considerations  of  visible  smoke,  the  problem  of  total  particulates  may  be 
addressed;  (c)  sulfur  oxides,  although  not  a  significant  problem  because  of  the  low  levels  present  in 
aviations  fuels,  can  be  considered  as  one  of  the  pollutants;  and  (d)  emisisons  responsible  for  odor, 
although  port  of  the  total  hydrocarbon  class,  could  be  addressed  as  a  separate  entity.  Tne  present 
scope  of  understanding,  hovever,  does  not  allow  the  sore  detailed  problems  associated  vitn  each  of 
these  categories  to  be  discussed  here.  Consequently,  the  four  principal  pollutant  categories  mentioned 
above  ere  employed  as  the  main  format  for  discussion  of  pollutants  in  this  paper.  Occasional 
reference  la  made  to  tee  various  core  detailed  aspects  of  the  problem. 

Planned  EPA  regulations  are  based  on  reducing  aircraft  engi  e  emisions  during  their  operation  bole 
3000  feet.  However,  an  additional  environmental  problem  has  been  associated  with  aircraft  —  the 
potential  problem  of  high  altitude  emissions.  There  are  many  mechanisms  by  which  this  might  arise: 

,1)  Emission  of  water  vepor  and  carbon  dioxide  into  the  stratosphere  may  cause  a  "greenhouse  effect", 

(2)  hydrocarbons  emitted  night  react  with  nitrogen  oxides  both  emitted  into  and  naturally  present  in  the 
stratosphere  to  fora  a  smog  type  condition  at  high  altitude;  and  (5)  increased  concentrations  of  water 
(HjO)  and  JiOj  due  to  emissions  into  the  stratosphere  might  deplete  the  ozone  layer  and  allow  increased 
penetration  or  solar  ultraviolet  radiation.  Much  more  investigation  is  needed,  however,  before  the 
problem  can  be  suitehly  defined. 


This  payer  will  cot  address  the.  ground  4e7*^  Of  stratospboric  enviroEuentai  questions  per 
*<*r,  j5ct  rsther,  it  viU  issCsa  the  possibility  of  redueiag  aircraft  canine  polluCasts  at  all  opera¬ 
tion  l3riAS  .end  tocrit*  esijiiiion  j^els.prexnptiy  being  considered  for  current  said  future  0.  S. 
AirrPorceiSireraft  propulsion  system* .  ,  '  - 

2a^,ft6£sifieraticR  of  pollutant  rhrract eristic* ,  piston,  nea-afterturaiag  ar.4  afterburning  turbine 
tBCisei  are  in.ieparsCe  catespHss*  FacS  group  will  iso  discussed  below. 

.  '  POLUfTAKT  F0RHATIC3 


Ereseaily,  the  U.  S,  Air  Force,  eapioys  relrtiuely  f-v  piston-type  aircraft  engines;  feince, 
current  philosophy  i*  to  apply  i^lluteni  controls  outside  .the  basic  existing  engine  r?tber  then  reduce 
estissioM  by  aajdr  ^sgice  dejijp  changes.  Fellct&nt  fnraatlou  in  pistol  aiaciafi  engine*  is  .virtually 
tfc e-'eaae  as  that  in  aufaaobile  pitten  engines  iri  that  they  both  operate  at  fuel -rich  conditions.  Site*-, 
under  ibe*«S  conditions,  it  %S  not  possible  to  eonrert,  all  of  the  fuel  into.esybo s  dioxide  (COj)  cad 
HgO,  as  is  necessary'  .for  SNUSfctse  extraction  of  the  fuel  chemical  vtstirigr,  emissions  of  CO  tad  C*% 
bsceew  of  yriheay  caneeira,;’  Considering  the  extent  of  aircraft  piston  engine  operation,  XC^  is  not 
considered  '%»  be  *  vej jr  ierieja  problem.  Oxides  of  rsiliitr  (S0X\  -tfcissies*  froa  aircraft  piston 
engines  are  Blnc>eg^aeii;  as  a  secondary  probles.  She  a'olfur  co&teht  tf  the  fuel  is  extremal*  low 
(belbvO.05?  by  weight)  tad  so,  vfrsu  ccapared  viih  other  sources  of  SO*  (i.e. ,  stationary  power 
generating  plaits  burning  coal  end  other  high  sulfur  fujlo),  the  sulfur  oxides  caltted  by  aircraft 
piston  engine*  ere  net- considered  to  be  cause  for  coaccra.  '  ~  '. 

Particulate  emissions  from  aircreft  piston  enginso  consist  ’aainly  of  the  lead  which  vas 
added  to  the  fuel  at"  an  anti -knock.  So  applicable  lialtstioa  currently  exists  bat  future- regulation 
ia  c<j§cei v£31*.  h'cEce,  a  heed  for  an  anti -knock,  additive  welch  docp  not  contain  lead  nay  exist  in 
the  future  .V  -  . 

2.  SocoAfterburhfc?.  Turbine  Fugles 

Of  the  three  classes  of  aircraft  engines  "being  diseuused  here,  the  r.on-iifierbumisg  turbine 
engine  has  by  far  received  the  noei  attention  in  chirecteritstlon  of  emissions.  The  non-afterburning 
turbine  class  include*  turbojets ,  turbesbatis,  and  '.Jrbofans.  Pollutant  Sensation  characteristics,  of 
all  nf  ti.eoe  engines  are  friailar  due  to  the  fact  that  each  type  uses  the  naie  basic  core  -  -  a  com¬ 
pressor.  ccnbustor ,  and  turbine. 

Recently,  there  have  been  racy  attempts  to  correlate  and  explain  emission  trends -for  these 
engines,  basically,  tt  is  ireli  knovn  that  emission  of  CO  end  Cx%  are  a  significant  problem  at 
idle  conditions  while  <seke  and  80*  emissions  lend  to  be  s.  greater  problem  at  the  higher  pover 
setting*.  Sics-  trends  *»  illiStrated  in  Figure  1.  As  in  the  case  of  piston  engines,  sulfur 
content  of  the  fuel  5s  low  (usually  less  than  0.05?  by  weight)  nod,  therefore,  SO*  emission  is  not 
*  probles,  Furthersarei  totli  particulate  eaiss£oos  arising  from  lead-based  additives  ore  not  a 
problem  —  no  such  additive  in  're^itui  for  the  gas  turoine  engine.  Saitted  particulates  are 
coajored  i&rgtiy  of  ccroor.  sad  the  principal  remaining  problem  is  ore  of  defining  that  point  at 
which  the. cecbins-csou?  particulates  become  visible. 

ftiaco  the  majority  of  the  present  sad  future  a.  3.  Air  Force  (t-SAF)  aircraft  fleet  will  b« 
powered  by  turbine  engitss,  methods  of  pollutant  control  for  these  engines  cust  be  developed-  As  a 
basis  for  later  consideration  of  control  techniques ,  the  following  discussion  addresses  ♦he  means  by 
which  each  of  the  g-iscral  pollutants  from  gas  turbine  engines  is  generated. 

a.  Hydrocarbons  and  Carbon  ric  ootids 

Aircraft  turbine  engine  '-coi.'u-jtors  ire  designed  for  peak  efficiency  operation  at  cruise 
and  higher  power  settings.  The  idle  and  taxi  poeer  cor.diti.cn  is  appreciably  different  .fros  the 
cruise  setting  and,  consequently,  the  engine  op-rates  inefficiently  attfcese  points.  The  major 
ef '  ret  of  inefficient  operation,  is  the  emission  of  species  which  represent  unused  cr.r  leal  energy  —• 

CO  and  CxBy  A  relationship  between  cccbasticn  Inefficiency  and  emission  cf  these  two  pollutants  is 
given  by  the  following  equation: 


1  -  Ab  = 


(El)  «<L;  ♦ 

CO  CC 


(ca.)  ♦  (si)  (ul) 

CO  CxTn-  C.dy 
(QL)  suel  x  103 


mrsre:  %  =  costaigtion  jfficiency  of  rain  burner. 

1  -  nb  “  inefficiency  of  main  burner. 

(EI)i  =  enissicn  index  in  lb/1000  lb  fuel  for  exhaust  constituent  i. 

(Qb)i  =  constant  pressure  lower  beating  value  for  exhaust  constituent  i 

(ET(!/'lba).  Although  cheaieal  energies  should  be  need  in  the  above 
equation,  the  error  incurred  in  using  QL  value?  is  slight. 


Qj,  y*  l«3i»3  Htl/’V*  •*»$  that  for  ts  18,700  BTOAlfc* 

ficwevar ^  '$h*  actual  easpositiea  df  Cj>By  emitted  from*®  aireraftgas  turbine  engine  is  notknown  and, 
.  ofNii,  is'.'uninoya.  ‘Sessureasni  of  hydrocarbons  la  Usually  made  with  a  flasse 

iattixktica^det'cetor  which  actually. tensec  total- carhan  stass,  and  th*  reduced  data  are  represented 
m -pound*.,  of!>^oca‘''boas  per  pound;  of  fuel.  Kost-  hydrocarbons  have  i&;  values  between  l6~,0G0  tai. 
21,000^/1*,  bait  those  tljit  would  be  esittad  fican  the  engine  :{«a  unturned  fuel  or  «?  other  organic 
-  species  }~  waild  j^otebly  ;bav*  »  Ttydrogim-cesboh  .ratio  o  Jailer  to  that  of  the  original  fuel.  Coose- 
■qusri^^  t^'-v^^  of-Q^  foiv  Eq.'fl}"- h*i»  heeh'tehente  ths-eaiw  as  ^for-  JP-lt. 


Inserting  the  Value*  into  Eq  :{1), -ii.e  feJXosdng  relationship  is  <sbtaised: 

1-n'b  v  -.53^3 +  (22)  18,700 

".  Ob  "  .  CxSy  -  ,  (2) 

18,700  X  103 


This  relation  is  graphically  shewn  ii.  Figure- 2 «  t  a  conation  has  been  used  to  reduce  seme  engine 
eaisiioa  datsto  coabostion  teeffieiehey  values  for  Tericao  engines.  The  results  arc  given  in 
Table  1  bsiev;  .  •  '  i  -  '  v 
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dTSS  (Smokeless) 

2.0 
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3.3 
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3.2 

<179 

3.3 

TT39 

2.7 

Engine  emission  slate  hss  been  extracted  iron  cany  sources,  the  parity  ceding  from  the  EPA  survey  of 
engine  fsiissiqa  factors.3  Thete  saae  data  plotted  against  engine  pressure  ratio  at  idle  are  shown 
in  Figur*  3.  A  reasonable  correlation  is  obtained  indicating  that  higher  inlet  temperatures  and 
pre* cures  si  idle  result  in  improved  combustion'  efficiency.  Consequently,  it  is  reasonable  to 
usy  test  larger  higiu-pfessore  ratio  engines  are  less  cf  a  Ipw  power  emissions  problem  than  those 
of  lcrw  pressure  ratio  design. 

b.  Oxides  of.  Sitrogen 

Although  highest  at  full  power,  the  emissions  of  SO*  in  the  exhausts  of  aircraft  turbine 
engines  predominate  during  take-off,  ciiabaut  end  landing  approach.  The  problea  stems  from  the 
Rolecular  oxygen  tad  nitrogen  in  air  being  exposed  to  the  extremely  high  temperatures  of  the 
ccabustor  prisary  son©  uh^re  for  stability  considerations,  the  fuel-air  ratios  hare  been  designed 
to  bit  approximately  stoichiometric . 

A  reported  correlation  jf  data  from  aany  engines  has  shown  thst.  KOx  emission  is  strongly 
.related  to  the  combustor  inlat  tesperatura . H  This  correlation  is  presented  in  Figure  t.  Hone  of 
these  engines  has  had  any  design  modifications  specifically  intended  to  reduce  or  control  KOx 
end** ions.  Therefore,  Figure  t  it  referred  te  hew  as  the  "uncontrolled  engine  correlation." 
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An  extremely  important  aspect  of  this  correlation  is  that  the  emission  characteristics  are  expressed 
as  pounds  of  pollutant  per  thousand  pounds  of  fuel  —  the  Emission  Index  (El).  In  non-afterburning 
engines,  considerations  such  as  specific  fuel  consumption  and  total  thrust  depend  on  the  engine  cycle 
parameters ;  but  the  emission  of  BO*  is  solely  dependent  on  huv  it  was  formed  in  the  region  of 
ccabustion.  The  successful  correlation  of  Figure  3  confirms  that  El  versus  combustor  inlet  tempera¬ 
ture  is  the  proper  means  to  characterize  NOx  emission.  Further,  this  strongly  suggests  that  IJOx 
control  techniques  should  be  Judged  on  the  basis  of  reductions  from  uncontrolled  engine  emissions 
expressed  in  pounds  per  thousand  pounds  of  fuel. 


Visible  Parties.'" 


(Smoke) 


Visible  smoke  emitted  from  aircraft  turbine  engines  is  principally  composed  of  carbon. 

It  is  generated  usually  in  systems  which  operate  unusually  fuel -rich  in  local  zones  of  the  combustor. 

It  hat.  been  established  that  the  presence  of  exhaust  smoke  seems  to  have  little  effect  on  the  over¬ 
all  operation  and  performance  of  the  engine  syst  »  —  any  combustion  inefficiency  associated 
with  this  emission  is  negligible.  Nevertheless,  the  aesthetic  nuisance  and  tactical  vulnerability 
arising  from  smoke  emissions  require  that  the  problem  be  eliminated. 

Efforts  to  abate  visible  smoke  from  aircraft  gas  turbine  engines  date  back  nearly  a  decade. 
The  engineering  know-how  to  design  smokeless  combustors  for  new  engines  without  sacrificing  any 
desirable  engine  characteristics  is  now  in  hand.  The  purpose  of  this  brief  section  is  to  describe 
the  background  upon  which  smoke  emissions  may  be  quantified. 

An  important  factor  in  smoke  visibility  is  the  relative  position  of  the .observer  to  the 
exhaust  plume  the  worst  possible  case  is  observation  of  the  exhaust  plume  just  slightly  skewed 
from  the  centerline  of  the  engine.  Although  attempts  have  been  made  to  account  for  plume  dispersion 
and  turbulent  mixing  behind  the  aircraft5,  the  quantitative  relationship  between  visibility  from 
this  position  and  a  smoke  measurement  remains  a  very  complicated,  unsolved  task. 

Investigation  of  the  perpendicular-viewed  case  has  yielded  useful  quantitative  information. 
Analytical  correlation  of  exhaust  plume  visibility  as  viewed  perpendicularly  and  smoke  number  as 
measured  by  the  techniques  described  in  Reference  6  has  been  performed  by  Champagne.7  This  important  . 
relationship  between  smoke  number  and  path  length  for  noticeable  visible  light  attenuation  is 
graphically  shown  in  Figure  5*  Smoke  number  data  for  some  engines  has  been  taken  and  these  results 
have  also  been  plotted  in  Figure  5.  A  reasonable  agreement  between  data  and  theory  is  apparent. 

Very  little  has  been  done  regarding  total  particulates  and,  as  previously  mentioned,  this 
is  considered  to  be  a  problem  which  eventually  stay  be  regulated.  Hopefully,  the  modifications  to 
reduce  visible  particulates  will  reduce  the  total  particulates  emitted  as  well. 

3.  Afterburning  Turbine  Engines 

Tc  gain  additional  thrust  during  critical  points  of  an  aircraft  mission,  afterburners  are 
employed.  Thrust  augmentation  by  afterburning  involves  injection  and  combustion  of  fuel  in  the 
exhaust  gases  exiting  the  turbine  section  of  the  engine.  The  temperature  rise  in  the  afterburner 
results  in  expansion  of  these  exhaust  gases  which  in  turn  increases  the  exhaust  velocity  and 
resultant  thrust.  The  fact  that  the  afterburner  is  normally  used  during  takeoff  and  clinoout  accents 
the  potential  seriousness  of  emissions  *n  this  mode  —  currently  only  emissions  below  3000  feet  are 
considered  in  expected  EPA  aircraft  e;  in ions  standards. 

Very  little  information  is  presently  available  for  pollutant  emissions,  from  afterburning 
engines;  however,  general  trends  in  available  data  (Reference  8,  9,  &  10)  indicate  possible 
significant  emissions  of  CO  and  C*Hy,  esr/eciaiiy  at  the  lower  afterburner  power  settings.  NOx  emissions 
appear  to  be  similar  to  emissions  during  non-aftcrbuming  high-power  operation  when  enisoions  are 
expressed  on  an  El  basis.  These  results,  however,  are  presently  described  only  as  trends  because 
truly  quantitative  data  is  extremely  difficult  to  obtain.  Ccnbusticn  product  gases  at  the  exhaust 
plane  are  extremely  reactive  and  at  high  temperature.  Nuch  of  the  CO  and  CxHy  present  at  the 
exhaust  plane  is  reacted  to  C02  and  H2O  further  downstream.  Consequently,  accurate  measurement 
of  afterburner  emission's  involves  determination  after  these  reactions  have  been  completed;  i.e., 
placement  of  sampling  probes  downstream  of  the  exhaust  plane  is  necessary.  Presently,  no  well-defined 
method  exists  to  da  this. 

The  fact  that  reactions  in  the  plume  are  important  indicates  that  the  conditions  of  the 
enbient  air  could  aiso  significantly  influence  the  resulting  emir? ions.  Cooler  ambient  temperatures 
would  tend  to  cool  the  plume  more  quickly  and  thus  quench  the  plume  reset  ions  vhith  nr--  responsible 
for  converting  CO  and  to  COp  and  SI2O.  Further,  the  ambient  pressure  could  also  b:  1  mected  to 
Influence  emission  via  a.:  effect  on  th  rate  of  nixing  —  data  obtained  at  sea  It.el  may  ..ot  be 
applicable  to  altitude  operation  where  >th  pressure  end  temperature  differences  may  effect  the 
exter  of  plume  reaction. 

Considering  the  problems  cited  above,  it  is  not  possible  at  this  tine  to  assess  the  emissions 
characteristics  of  or  to  specify  emissions  limitations  for  afterburning  engines.  Consequently,  this 
sho’ild  be  an  area  of  concerted  research  over  the  next  few  years. 

MILITARY  RELEVANCY 

Several  considerations  indicate  that  the  military  aircraft  contribution  to  environmental  degradation 
is  not  os  significant  as  that  of  commercial  operations.  Nevertheless,  in  recognition  of  the  leadership 
role  required  of  U.  S.  Federal  Agencies  in  protecting  the  environment,  appropriate  research  and 
development  efforts  are  underway  and  in  planning.  Moreover,  some  pollution  problems  arc  unique  to  the 


P 

I 


If 

£ 


r»  ; 


12 

V;£TS 

- *  *\ 


ir+.-j 

/■?  % 


■%1 

-VHI 

v  '■& 

>  -4-4 


military.  For  example,  the  U.  S.  Armed  Services  presently  account  for  all  afterburning  engine*  within 
the  U.  S.,  operate  most  helicopters,  and  conduct  most  stratospheric  aircraft  operations. 


Military  aircraft  operations  are  responsible  for  approximately  half  of  all  aviation  fuels  consumed 
by  U.  S.  users.  This,  however,  is  not  considered  a  representative  inuication  of  the  military  contri¬ 
bution  to  the  environmental  problem.  In  general,  military  air  bases  are  much  no re  widely  dispersed 
than  conrserical  airports  where  air  quality  violations  have  been  observed.  Furthermore,  the  traffic 
patterns  at  most  military  air  bases  are  much  less  active  than  those  at  commercial  airports  such  as 
Lcs  Angeles  International,  Kennedy  and  Washington  national.  Only  limited  studies  concerning  aircraft- 
related  ambient  air  quality  violations  have  been  made  at  military  installations;  hence,  no  conclusive 
results  are  available.  Assessments  of  air  base  ambient  air  quality  at  several  selected-  military 
installations  are  currently  being  conducted.  .  " 

Some  spe-'.fic  problems  and  factors  are  unique 'to  the  larger  turbine  engines  employed  in  fixed- 
wing  aircraft  within  the  military. 

1.  Unknown  severity  and  lack  of  control  techniques,  if  required,  for  afterburning  turbine  engine 
emissions. 


2.  High  performance  aircraft  of  the  future  will  require  higher  pressure  ratio  engines  operating 
at  overall  combustor  fuel-air  ratios  close  to  stoichiometric  --  factors  which  will  make  emission 
control  of  H0X  more  difficult. 

3.  Military  aircraft  operations  at  high  altitude  are  a  matter  of  concern 

Rotary  wing  aircraft  engine  emissions  are  uniquely  relevant  to  the  military  as  the  primary  user 
of  helicopter  systems.  Helicopter  engines  are  relatively  small  —  usually  much  less  than  dOCC  hp 
(the  upper  limit  for  the  smallest  engine  size  class  defined  by  EPA  regulations )  —  end  therefore, 
consume  a  small  percentage  of  total  aviation  fuel.  In  addition,  helicopters  spend  very  little  time 
in  the  taxi-idle  mode  where  emissions  of  CO  and  CxKy  are  highest.  There  are,  however,  unique  emissions 
control  problems  associated  with  these  snail  engines  as  outlined  below. 

1.  Lower  level  *  of  CO  and  CxHy  at  low  power  are  difficult  to  achieve  due  to  flame  quenching 
effects  along  the  li-er  walls  in  these  high  surface -volume  ratio  combustors. 

2.  These  engines  generally  operate-  at  low  pressure  ratio  and  have  low  fuel  atomisation  pressures  - 
both  having  the  effect  of  increasing  CO  and  CxHy  emissions. 

3.  The  small  size  of  helico,  *er  engine  eombustion  chambers  places  unique  restrictions  on 
integration  of  emissions  control  techniques. 

U.  Relative  to  the  EPA  3000  foot  ground  rule,  K0X  emissions  from  helicopters  are  more  serious 
as  these  aircraft  spend  a  large  fraction  of  their  total  operating  tine  below  3000  feet. 


EMISSION  CONTROL  TECHNOLOGY 


Many  techniques  and  procedure  modifications  are  being  considered  to  reduce  exhaust  gas  emission? 
from  piston  and  turbine  engines.  The  degree  of  suppression  effectiveness  to  be  realized,  however,  is 
dependent  upon  the  specific  combustion  system  design  being  addressed.  Specific  application  of  these 
techniques  to  existing  engines  will  normally  entail  a  special  component  development  program.  Future 
or  new  engines,  however,  can  be  designed  to  employ  many  of  these  emission  control  procedures.  The 
following  subsections  address  the  feasibility  of  emission  control  for  aircraft  engines. 

1'.  Piston  Engines 


From  the  military  standpoint,  the  U.  S.  Deportment  of  Defense  will  be  procuring  relatively 
few  piston  engines  in  the  future;  therefore,  emission  control  for  Air  Force  piston  engines  is  cot 
considered  a  major  issue.  Commercially  developed  emissions  control  technology  shall  be  applied  in 
those  situations  vhere  It  is  cost  effective  and  practical.  A  realistic  approach  at  this  time  is  to 
support  control  techniques  development  for  turbine  engines  because  er.  ines  of  this  type  will  predominate 
in  the  future. 

2.  Son-Afterburning  Turbine  Engines 

Control  techniques  for  turbine  engine  emissions  can  be  categorized  into  current  technology 
and  future  technology.  Candidate  approaches  are  presented  relative  to  these  basic  categories. 

a.  Current  Technology 

There  are  many  ways  In  which  current  technology  may  be  utilized  to  reduce  emissions.  Some 
of  these  methods  involve  the  basic  combustor  design  while  other  techniques  concern  those  components 
which  supplement  combustor  operation. 

Cl}  Minor  Combustor  Redesign  -  This  consists  of  a  ninor  modification  of  the  combustor 
liner  end/or  fuel  nozzle  not  involving  a  change  in  design  concept.  Design  changes  such  as  these  will 
affect,  bat  cay  not  simultaneously  decrease,  the  four  principal  exhaust  pollutants  (CO,  CxHy,  NO*  and 
smoke).  For  instance,  a  reduction  xn  CO  due  to  a  small  combustor  design  change  often  results  in  a 
corresponding  increase  in  K0x,  and  vice  versa. 

(2)  Major  Combustor  Redesign  -  This  consists  of  a  major  design  change  to  the  combustor 
liner  and/or  fuel  system  perhaps  introducing  an  alternate  fuel  injection  concept;  i.e.,  airtlast 


atomizers /vaporizers.  A  coabustor  liner  change  could  involve  converting  from  a  can-annular  to  an  ■ 
annular  configuration  The  nev  coabustor,  hovever,  would  still  be  required  tc  fit  within  the  seme 
engine  envelope.  All  exhaust  pollutants  can  be  addressed  if  a  major  design  change  is  permitted. 

(3)  u’ontroiled  Fuel  Injection  -  This  consists  of  a  modification  to  the  fuel  supply 
system  to  allow  a  fraction  of  the  fuel  nettles  to  be  shut  off  during  low  power  operation.  A  localised 
fuel-flow  increase  to  the  operating  nozzles  permitting  a  higher  local  fuel-air  ratio  in  the  coafc'.tstion 
region  results  in  nore  efficient  combustion  with  attendant  reductions  in  CO  and  CxHy  emissions  during 
idle  and  taxi  operation.  This,  hovever,  necessitates  minimal  reaction  quenching  between  nozzles. 

The  effectiveness  of  this  control  technique  has  not  yet  been  fully  investigated. 

(h)  Water  Infection  -  This  entails  introducing  demineralized  water  to  the  coabustor  primary 
tone  lowering  the  local  flame  tenperature  and  thus  reducing  the  formation  rate  of  80*  during  high  power 
(take-off  and  climb)  operation.  Although  large  cargo  transport  and  other  non-coabat  aircraft  sight 
consider  this  method ,  it  will  cost  '•'Vely  be  an  impractical  emissions  control  technique  for  combat/ 
tactical  aircraft  operations  from  '-ht  consideration. 

(5)  Caaprcssor  Air  Bleed  -  This  consists  of  Increasing  the  bleed  air  rate'  from  the  com¬ 
pressor  during  low  power  engine  operation.  The  resulting  decreased  airflow  to  the  cceabustor  increases 
the  primary  zone  fuel-air  ratio  allowing  operation  at  higher  combustion  efficiency.  It  is  expected  that 
this  method  will  provide  the  primary  near-tera  means  for  lov  power  emissions  control. 

.(b)  future  Technology 

(1)  Variable-Geometry  Coabustor  -  This  coabustor  design  concept  achieves  fuel-air  ratio 
control  by  airflow  modulation.  During  low  power  operation,  CO  and  CxHy  pollutants  are  controlled  by 
increasing  the  fuel-air  ratio  in  the  primary  zone  with  attendant  high  combustion  efficiency.  The 
higher  fuel-air  ratio  is  the  result  of  mechanically  blocking  part  of  the  primary  zone  airflow.  During 
high  power  operation,  HOx  and  smoko  are  controlled  by  mechanically  opening  core  primary  zone  airflow 
area,  thus  leaning  the  primary  zone  to  a  fuel-air  ratio  below  stoichiometric  and  permitting  a  lower 
primary  zone  flame  temperature  and  hence,  a  lover  NO*  formation  rate.  Because  of  increased  design 
complexity,  the  variable- geometry  combustor  cost  is  expected  to  be  substantially  higher,  weight  will 
increase  and  reliability,  maintainability  and  durability  will  no  doubt  be  somewhat  compromised. 

(2)  Staged  Fuel  Injection  -  In  this  control  concept,  combustion  occurs  in  discrete  steps 
or  stages.  In  general,  the  combustor  will  employ  either  an  axial  or  redi&l  staged  fuel  injection 
technique.  In  either  case,  the  first  stage  will  serve  as  a  pilot  zone  for  low  and  part  power  operation; 
whereas,  the  second  stage  will  provide  high  power  operation.  The  fuel-air  mixture  can  'e  carefully 
controlled  through  staging  to  minimize  CO,  Cx%,  and  KOx  and  smoke  at  all  operating  conditions.  Radial 
fuel  staging  has  been  successfully  demonstrated  to  a  limited  extent;  axial  steging  has  been 

less  successful  due  to  durability  problems.  Some  potential  disadvantages  with  such  a  system  include 
increased  complexity  of  the  fuel  distribution  and  control  system,  increased  total  combustor  weight 
and  volume,  and  the  durability  problem  discussed  acove. 

(3)  Prenlx  Combustion  -  Recent  progress  in  prenix/carburetion  fuel  injection  technology 
has  demonstrated  the  feasibility  of  premix  combustion  to  reduce  exhaust  emissions  while  enhancing 
coabustor  performance.  Premixing  the  fuel  and  air  prior  to  introduction  to  the  primary  zone  permits 
combustion  of  a  more  uniform  fuel-air  mixture.  Combustion  efficiency  is  increased  at  lov  pover,  and 
KOx  and  smoke  can  be  substantially  reduced.  The  premix/carburetior.  approach  currently  offers  the 

most  promise  as  an  effective  control  for  ell  exhaust  pollutants  of  conscqence,  without  serious  ccaprcmise 
to  other  engine  performance  requirements.  Some  integration  problems  may  be  encountered,  hovever,  with 
small  annular  burners  due  to  conbustion  chamber  volume  restrictions. 

3.  Afterburner  Exhaust  Fnisslons 

Little  can  be  said  relative  to  the  control  and  abatement  of  afterburner  exhaust  emissions  as 
only  limited  missions  data  has  been  obtained  to  date.  Consequently,  a  firm  definition  of  the  after¬ 
burner  emissions  problem  has  yet  :>  be  vide.  Therefore,  until  the  basic  problem  is  defined,  no 
major  undertaking  in  control  techniques  development  can  be  considered.  Presently,  no  control  techni¬ 
ques  for  afterburner  operations  are  known  to  exist. 

U.  Fuel  Additives 


Fuel  additives,  as  an  approach  to  emission  control  can  offer  many  advantages.  Most  importantly, 
basic  engine  design  is  not  altered  end  sacrifices  in  performance  arc  not  required.  Unfortunately,  the 
following  disadvantages  are  associated  with  presently  available  emission  control  additives:  (a)  Use 
incurs  depositions  which  are  harmful  to  the  engine;  (1  cost  and  logistics  of  supplying  and  handling  a 
separate  additive  are  substantial;  (c)  in  come  cases,  toxicity  of  the  additive  imposes  a  special 
hazard  and  environmental  problem. 

Previous  application  of  fuel  additives  ha»  been  to  reduce  smoke  emission  in  aircraft  turbine 
engines.  Ketal-bearing  organic  compounds  can  be  employed  with  the  most  effective  metals  being 
manganese,  iron,  and  barium.  However,  no  formulation  has  yet  beer,  produced  which  will  effectively 
eliminate  smoke,  and  not  cause  harm  to  the  engine  over  long  periods  of  use.  Specifically,  deposits 
in  the  engine  hot  section  and  plugging  of  afterburner  spreybars  have  resulted. 

Recent  developments  in  additive  formulation  have  shewn  promise  of  alleviating  some  of  these 
drawbacks.  Should  this  vork  be  successful,  it  is  expected  that  fuel  additives  for  3mcke  abatement  may 
jet  be  employed  in  many  older  systems  for  vhic!*  redesign  and  retrofit  are  impractical. 

The  decision  to  employ  sn  additive  must  welch  the  above  factors.  Currently,  the  additive 
approach  is  being  cor.aiderca  for  use  in  engine  test  cells  to  prevent  violations  of  stationary  soucc 
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Missions  limits.  In  thn  past  year  icvustigatiens  have  also  been  conducted  to  determine  the  feasibility 
of  KQs  control  by  fuel  aodification*1. 


PROPOSED  EFA  2TAKDARDS 

The  purpose  of  this  section  is  to  describe  the  cocmericnl  engine  standards  presently  being  con¬ 
sidered  by  EPA  and  their  implications  vith  respect  to  carious  types  of  military  aircraft.  Standards 
for  piston  and  non-afterburning  turbine  engines  vill  be  ditcussed  in  tho  "following  subsections.  Ho 
otfiidarda  applicable  to  afterburning  turbines  have  been  seriously  considered.  Furthenxre,  there  ere 
no  standards  being  considered  at  this  time  to  Unit  aircraft  emissions  in  the  stratosphere. 

1.  Piston  Engines 

The  first  set  of  applicable  limitations  for  aircraft  piston  engines  ss  presently  planned  by 
EPA  vill  tale  effect  in  1979-  These  standards  have  been  defined  for  '1  picton  engine  designs  with 
exception  of  the  radial  configuration  —  a  design  common  to  many  op*  .clonal  military  piston  aircraft , 
but  a  limited  number  in  the  general  aviation  class.  To  meet  these  limitations  50?  reduction  in  CO 
and  CxHy  fra-  typical  present  values  is  anticipated.  Ar.  oxide  of  nitrogen  i imitation  has  been 
included  only  to  prevent  a  substantial  increase  in  KG*  via  a  control  technique.  The  KOjc  limitation 
is  "calculated  to  represent  the  SOx  emission  from  a  pi3ton  engine  operating  at  the  increased  air-fuel 
ratio  necessary  to  attain  the  above  50r  reduction  in  CO  and  C*By  assuming  no  other  control  techniques 
are  applied. 

2.  Koa-Afterburnleg  Turbine  Engines 
a.  General 

The  basic  purpose  of  the  EPA  standards  is  to  reduce  caiaOions  of  aircraft  tc  the  point 
necessary  to  insure  that  air  quality  stands,  is  are  net  violated.  This  requires  limitation  of  emissions 
at  the  passenger  loading  areas,  during  taxi-out  to  the  main  runways,  during  tshe-off  and  elinbout, 
during  approach  and  landing,  during  taxi-in  to  the  passenger  loading  area  and  during  final  idle  and 
shutdown.  Emission  during  each  of  these  -codes  contributes  differently  to  the  ambient  pollutant  lewis 
at  the  various?  airport  locations  vliich  have  been  found  to  have  concentrations  in  excess  of  air  quality 
standards.  Analytical  models  which  might  be  expected  to  assign  a  degree  of  imnortancc  to  reisoionc 
at  each  mode  are  far  too  underdeveloped  at  this  time.  Consequently,  EPA  considers  it  reasonable  tc 
place  limitations  cn  the  total  pollutants  which  we  emitted  into  the  Immediate  environment  of  the 
airport  below  3000  feet. 

The  parameter  which  is  used  to  express  total  pollutants  is  critical.  For  example,  it  is 
possible  to  specify  a  commercial  aircraft  limitation  in  terns  c-f  pounds  of  pollutant  per  passenger 
seat  per  landing  take-off  cycle.  This  would  be  the  most  fundamental  approach,  requiring  limitation  of  . 
pollutant  emissions  by  engine  improvements,  airframe  considerations,  considerations  of  choosing  the 
proper  type  mid  number  of  engines  for  a  particular  airframe  design  ar.d  even  by  optimised  seating 
arrangements,  it  is  also  possible  to  specify  emission  limitations  based  on  pounds  per  thousand  pounds 
of  fuel  or  pounds  per  thousand  pounds  of  thrust,  El  or  SIT  respectively,  These  units  are  related  in 
the  following  way: 

SI  x  SFC  =  SIT  (3) 

Where:  SFC  ■  thrust  specific  fuel  consumption, 
icsi  fuel/hr /Ibf  thrust 

EIT  <=  Iba  poll utaat/hour 
1CGC  ibf  thrust 

When  cn  n  per-pound-of-fucl  basis,  the  emissions  of  CG  and  C-Hy  can  be  translated  back  to 
ths  considerations  of  idle  combustion  inefficiency  discussed  earlier.  Also',  as  previously  Section, 
the  riOj.  t-misf lone  base-1  on  a  pound  per  thousand  pounds  of  fuel  baa—  are  known  to  bs  closely  tied  to 
the  combustor  inlet  temperature,  or  pressure  ratio. 

Since  SFC  is  an  indication  of  engine  efficiency  and  El  indicates  how  ell  the  coabustor 
was  designed  from  the  exhaust  pollution  standpoint.  The  use  of  EIT  would  imply  then  that  pollution 
has  been  designed  from  the  exhaust  pollution  standpoint.  The  use  of  EIT  would  imply  then  that  pollution 
emission  criteria  should  be  included  in  tho  selection  of  basic  engine  cycle  parameters  (pressure 
ratio  and  turbine  inlet  temperature).  This,  however,  may  adversely  affect  optimization  of  system 
performance . 


The  approach  which  EPA  has  adopted  for  their  proposed  regulations  for  gaseous  emissions 
is  intermediate  between  specification  of  emission  pei  passenger  seat  and  specification  of  El  ana  EIT. 
It  involves  the  use  of  a  parameter  based  on  the  emission  per  thrust-hour  sussed  over  a  typical  landing 
take-off  (LTO)  cycle.  The  EPA  parameter  has  the  dimension: 

lbm  xollutant _  _ 

Ibf  thrust-hour  cycl • 

Oata-rcCuction  details  to  obtain  this  parameter  are  presented  in  Reference  3.  ETA  considers  this  to 
be  the  most  practical  parameter  from  the  ccrmercial  aircraft  engine  standpoint  since  it; 

(!)  Gives  a  number  which  is  physically  recognizable  as  the  total  emission  of  tbe  engine 
into  the  airport  environment  per  unit  of  power  output. 


(2)  Ties  pollutant  emission  to  an  engine,  not  an  engine/airfrsae  combination. 


(3)  Represents  tbs  effect  of-total  engine  cycle  (LTO)  pollutant  reductions. 

The  ERA  exhaust  smoke  limitation  is  i  specified  smoke  number  vhieh  is  aot  to  he  exceeded 
at  any  engine  pover  sotting. 

Since  the  EPA  parameter,  EPAP,  Bakes  use  of  a  landing-take  -off  cycle,,  the  cycle  must  be 
defined.  Duty  cycles  have  teen  specified  for  the  following  classes  of  turbine  engines. 

Class  T1  Thrust  below  6000  lb? 

Class  T2  Thrust  between  6000  Ibf  and  29,000  lbf 

Class  ?3  Thrust  greater  than  25,000  lbf 

Class  Til  JT0d  Family  Engines 

For  shaft-power  engines,  EPA  has  assumed  a  1:1  equivalence  between  pound-thrust  end  shaft-horsepower, 
b.  Discussion 

The  EPA  parameter  (EPAP)  is  not  simply  related  to  EC  or  EIT  because  it  represents  a 
summation  over  a  specified  duty  cycle.  However,  sene  significant  simplifications  ore  possible  in  the 
esse  of  CO  and  Cxi<y.  As  previously  mentioned,  emissions  of  these  species  ere  only  significant  during 
the  idle/taxi  pover  setting.  The  following  list  shows  the  average  emissions  for  each  operating  mod' 
for  o  JT9D  engine. - 


Mode 

CO  Baiesions  (lbm) 

Cxhy  Emissions  (lisa) 

Texi/Idle  (Out) 

32.25 

8.65 

Take-Off 

.10 

0.03 

Climb out 

.1*3 

0.10 

Approach 

2.17 

0.20 

Taxi/Jdlo  (In) 

11.38 

3.19 

Hote  that  9!*.3S  cf  the  CO  missions  and  97-3?  of  the  CxHy  emissions  are  from  the  idle  power  setting. 
Therefore,  the  EPA  for  total  CO  and  Cx%  over  the  LTO  cycle  eon  be  well  approximated  by  the  taxi/idle 
eaiazionc  contribution. 

HO*  emission  from  today's  uncontrolled  engines  cannot  be  attributed  to  one  mode.  The  following 
list  shows  the  contribution  of  varlovr  modes  for  a  JT9D  engine  over  the  LTO  cycle.3 

Mode  “Ox  Balssions  (lbm) 

Taxi/idle  (Out)  1.92 

Take-Off  8.1*0 

Cl intout  l6.8l 

Approach  3.6l 

Taxi/idle  (In)  0.71 

Only  the  taxi/idlc  power  settings  arc  low  in  the  case  of  H0X  emissions. 

It  night  be  thought  that  by  virtue  of  the  fact  that  the  thrust  dependency  is  included  in 
the  denominator,  the  EPAP  favore  engines  with  a  low  SFC.  This  is  true  for  the  emission  of  CO  and  CxUy 
because  the  idle  amicsion  characteristics  are  related  to  an  engine’s  pressure  ratio.  Further,  it  is 
true  that  if  two  engines  have  the  same  K0X,  El,  the  one  with  the  lower  SFC  will  have  a  lower  EPAP  value. 
Although  an  ermine’s  SFC  value  is  dependent  on  Its  pressure  ratio,  the  dependence  of  K0X  emission  on 
combustor  primary  zone  temperature  is  dominant;  hence,  an  increased  KOx  EPA?  results  from  increased 
pressure  ratio.  This  fact  is  extremely  important.  Engine  design  motivation  for  commercial  subsonic 
aircraft  has  always  been  toward  minimum  SFC.  Although  this  motivation  is  in  concert  with  combustor 
design  techniques  for  reduction  of  CO  and  CxHy  emission,  it  is  opposed  to  reduction  of  HO*  emission. 

EPA  proposes  \.<  ciwiques  such  as  water  injection  and  advanced  combustor  design  concepts  to  solve  the 
HO*  problem  for  commercial  aircraft  without  compromising  SFC. 


IMPACT  ASSESSMENT  ASD  COALS 

The  recosmendea  U,  S.  Air  Force  position  regarding  any  emission  limitation  on  military  engines  is 
eusaarlzcd  as  follows: 

1.  In  no  case  shall  pollutant  controls  be  allowed  to  infringe  on  military  engine  design  or  opera¬ 
tion  in  a  manner  which  compromises  system  effectiveness. 

2.  Pollution  control  technology  for  aircraft  gas  turbine  engines  developed  in  commercial  as  well 
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as  military  programs  shall  be  used  to  the  greatest  extent  possible. 

3,  Military  engines  shall  nppreae  the  related  E?A  commercial  regulations  tc  the  greatest  extent 
possible. 

is.  For  the  present  tine,  the  U.  S.  Air  Force  shall  issue  pollution  limitation  goals  —  not 
procurement  regulations. 

The  needs,  requirements  and  operational  use  of  military  aircraft  are  entirely  different  from  those 
of  the  cosacrical  fleet.  One  glaring  example,  in  this  respect,  involves  military  rotary-ving  aircraft. 
E?A  has  currently  limited  its  studies  to  fixed  wing  aircraft;  consequently,  the  relatively  few  non- 
ailitary  rotary-ving  types  are  not  included  in  propose'  "PA  regulations,  ilovever ,  pollutant  emission 
goals  for  military  aircraft  do  include  rotary-ving  engines  as  veil  as  rixed-wing  types.  Goals  have  not 
been  set  for  emission  from  piston  engine  or  afterburning  turbine  engines  for  the  reasons  stated 
previously.  Those  for  jon-afterbuming  turbine  engines  ere  discussed  uelow.  These  goals  do  not  consider 
a  landing/take-off  cycle  —  a  more  fundamental  approach,  which  utilises  combustion  efficiency  for  CO 
jhd  C*Hy  control  and  the  uncontrolled  KOv  data  correlation  of  Figure  t,  has  been  chosen.  These  para¬ 
meters  relate  more  directly  to  the  combustor  design  and  allow  pollutant  reduction  considerations  apart 
from  performance  considerations. 

1.  Lov  Po.tr  aalssion 

For  large  turbine  engines  used  in  fixed-wing  applications,  CO  and  CXK,-  (the  lev  power 
pollutants)  have  limitation  goals  expressed  as  maximum  allowable  combustion  inefficiency.  Since  CO  and 
CxHy  are  the  only  exhaust  emissions  which  contain  chemical  energy,  combustion  inefficiency  i3  a  direct 
quantitative  me  same  of  these  emissions.  At  the  present  time,  it  is  realistic  to  expect  that  a  c  em¬ 
bus  ticn  inefficiency  of  X*  could  be  attained  by  the  "target  dates"  discussed  below  —  further  expecta¬ 
tion  woulu  depend  too  strongly  on  techniques  which  cai  t  be  presently  identified.  Therefore,  a 
ccssbustion  inefficiency  goal  of  1?  has  been  established.  This  goal  would  be  applicable  to  classes 
T3,  T2  and  most  of  class  Tl.  Seme  relaxation  of  the  inefficiency  goal  will  be  necessary  for  small 
engines  in  class  Tl  having  combustors  e-  large  liner  area  relative  to  combustion  volume:  i.e. ,  large  S/Y 
ratios.  For  small  gas  tarbir.es  used  pi imarlly  in  rotary-vir.g  aircraft,  technology  demonstration  goals 
and  dates  are  specified  rather  than  production  engine  compliance  dates ,  since  control  technology  for 
small  engines  is  not  yet  available.  CxHy  and  CO  levels  corresponding  to  a  combustion  inefficiency 
of  If  shall  not  be  exceeded  for  combustors  having  a  iinei  surface  a.-ea-tc-volua  e  (S/V)  ratio  less  than 
1.0  in."1  Slightly  higher  values  will  be  allowed  for  combustors  of  higher  S/V  ratio.  It  is  estimated 
that  this  goal  can  be  achieved  In  advanced  technology  engine  programs  by  1977. 

2.  --x  Emissions 

Establishment  of  goals  for  N9X  emissions  from  U.S.  Air  Force  aircraft  must  he  considered  with 
respect  to  whether  or  not  the  water  infection,  staged  combustion,  premix  ana  variable  geometry  control 
methods  arc  applicable.  Weight  penalties  prohibit  the  application  cf  water  injection  to  combat  aircraft, 
but  the  method  could  be  considered  for  large  non  combat  applications;  i.e.  C-f ,  ClAl.  Consequently, 
two  separate  ”0*  gcalo  are  discussed  below  .  -  -hose  for  non-combat  and  those  '.’or  combat  aircraft. 

a.  Sen-Combat  Aircraft  -  Those  Air  Force  aircraft  which  can  employ  water  injection  (principally 
ixrge  transport -type  aircraft)  will  have  goals  as  described  below.  Significant  reductions  (approximately 
505)  in  r;0x  emission  during  the  take-off  and  clicbout  modes  o i  eperatien  ere  anticipated  by  the  use  of 
water  jet,  ion.  Further,  the  effects  of  staged  combustion,  variable  geometry  and  preni*  when  combined 
with  water  injection  are  expected  to  produce  even  lower  levels  of  emission  (approximately  755  reduced 
from  the  uncontrolled  engine)  at  fcfts  high  power  operating  points.  Although  the  effective  control  of 

HO*  by  staged  combustion  ar.'l  variable  geometry  has  not  yet  been,  adequately  demonstrated,  based  on  the 
technology  expected  to  be  available  by  1379,  the  non-combat  aircraft  engines  employing  water  injection 
should  exhibit  an  K0X  emission  profile  durir.s  take  -ff  and  r.Iirbout  rot  to  exceed  the  755  reduction 
curve  shewn  in  Figure  6.  Hcn-ccabat  aircraft  not  employing  water  injection  should  exhibit  a  505  re¬ 
duction.  further-core ,  the  JIOx  profile  for  th*.  idle/taxi  and  approach  modes  should  not  exceed  the 
uncontrolled  data  correlation  curve  of  Figure  6. 

b.  Car-bat  Aircraft  -  Since  vater  injection,  the  only  near  term  control  method  for  N0X  emission, 
,s  not  a  viable  approach  for  combat  aircraft,  no  limitation  goal  con  be  set  which  reflects  its 
application.  The  goal  for  military  aircraft  engines  would  depend  only  on  whether  ct  not  the  variable 
geometry,  staged  combustion  and  preais  approaches  are  judged  to  be  applicable  tc  e«ab»t  aircraft. 

Should  they  not  be  applicable,  no  goal  is  appropriate  other  than  insistence  that  the  data  correlation 
frr  uacc-nt'-olled  emission  net  be  exceeded.  Emission  reductions  with  the  advanced  technique  alone 

scull  he  expected  to  be  approximately  50?  cf  the  uncontrolled  val:e,.  Therefore,  should  the  advanced 
techniques  prove  viable,  the  military  goal  la  that  engines  used  in  ccntat  aircraft  have  *n  K0X  emission 
profile  for  idls/taxi  and  approach  aode3  not  to  exceed  the  data  correlation  curve  and  thn-  u.-. 
emission  during  the  take-off  and  cliabout  codes  rot  exceed  the  505  re  Suction  curve  sho-n  m  Figure  6. 
Again,  some  relaxation  of  thin  goal  cay  bo  necessary  for  certain  smell  engines  for  which  volume  limita¬ 
tions  prohibit  integration  of  KCX  control  concepts.  Furtheraore ,  for  engines  having  low  combustor 
Inlet  temperatures  with  inherently  low  f,7>x  levels,  it  cay  be  unnecessary  end/or  impractical  to  further 
reduce  the  levels.  The  very  small  turbos heft  engines  used  in  rotary-wing  aircraft  shall  have  ss  a 
goal  the  demonstration  of  technology  to  effect  a  50?  reduction  of  emission  ut  tne  high  power  settings 
by  1975. 

3.  Smoke  Ksisuicns 

The  Air  Force  smoke  goals  for  future  engines  are  shown  in  Figure  7,  and  are  based  directly 
or  the  visibility  criterion  previously  discussed  with  respect  to  Figure  5.  Rather  than  use  the 
abscissa  term  "path  length  for  light  attenuation",  the  parameter  r,d  has  been  employed  where  d  is  tee 


exhaust  diameter  of  iLe  engine  and  n  is  the  maximum  number  of  engine  exhaust  streams  through  which  an 
observer  could  possibly  sight.  For  example,  the  value  of  n  for  the  case  where  two  engines  are  spaced 
far  enough  apart  so  that  the  smoke  density  hse  been  Significantly  diluted  before  the  exhaust  pluses 
intersect,  the  vrlue  of  n  need  not  be  taken  as  two.  Use  of  this  goal  will  assure,  without  being 
overly  demanding,  that  the  system  will  not  emit  risible  smoke.  Absence  of  an  overly  demanding  goal 
is  important  in  that  it  could  create  difficulty  in  attaining  other  emission  limits  and  performance 
requirements.  An  more  information  is  gained  on  visibility  when  the  exh&uot  plume  is  sighted  at  a 
distance,  a  new  snob:  goal  which  more  directly  addreseea  the  tactical  vuluirability  problem  "ill 
ce  considered.  Should  these  criterion  be  more  stringent  than  that  discussed  above,  it  will  be 
substituted  for  the  present  limitation. 

k<  Implementation 

The  "target  dates"  proposed  for  achievement  of  the  USAF  emission  goals  defined  above  depend 
upon  the  development  stage  of  an  engine.  Engines  falling  into  the  following  categories  are  expected 
to  meet  these  goals: 

a.  Engines  for  which  devleopesent  has  begun  after  1976. 

b.  Engines  produced  in  significant  quantity  after  1979. 

The  above  stated  goals  ft.  large  engines  are  based  on  a  careful  assessment  of  the  state-of- 
the-art.  Technology  demonstration  goals  specified  for  small  enables  are  based  on  an  assessment  of 
the  present  small  engine  emissions  control  technology  status  and  the  results  expected  from  current 
and  planned  control  technology  programs. 


COMPENDIUM 

The  Important  factors  to  be  considered  in  setting  emission  limitation  goals  for  military  aircraft 
engines  have  been  presented.  E?A  regulations  for  commercial  aircraft  nave  been  discussed  with  respect 
to  their  applicability  to  military  aircraft.  Host  importantly,  reductions  in  emissions  which  may  result 
itt  . performance  ettapramiasa  have  been  eliminated  fr<®  the  military  goals  set  forth.  Only  those  control 
technique*  which  involve  emission  reductions  without  system  performance  compromise  are  considered  to 
be  applicable  for  military  aircraft. 

Goals  for  carbon  oanoxlde  and  total  hydrocarbon  emissions  control  are  based  on  combustion  in¬ 
efficiency.  Goals  for  oxides  of  nitrogen  require  a  reduction  during  take-off  and  climbout  modes  by 
a  specified  fraction  of  the  uncontrolled  value.  A  smoke  specification  which  will  insure  exhaust 
plrae  invisibility  has  also  been  set.  .t  is  believed  that  these  goals  will  result  in  Air  Force  aircraft 
aaving  the  lowest  pollutant  emission  levels  possible  without  restricting  ;ne  performance  and  mission 
for  which  the  aircraft  vas  intended. 
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Discussion  on  Piper  33 

“Aircraft  Gas  Turbine  Pollutant  Limitations  Oriented  Toward 
Minimum  Effect  on  Engine  Performance” 
presented  by  R.E .Henderson 


M.Whittakcr:  We  have  seen  one  formula  for  ine'ficiency  by  A.Quilldvdri  and  one  by  yourselves,  and  at  Rolls  Royce 
we  nave  yet  another.  It  would  help  if  we  could  develop  a  common  formula.  Ours  v/ould  give  a  1 6%  larger  ineffici¬ 
ency  than  yours  (at  a  high  efficiency  level)  due  to  the  fact  that  we  allow  for  typical  ratio  of  unburaed  hydrogen  to 
carbon  monoxide. 

R.E  Henderson:  Our  ineffie'en.y  equation  is  intended  only  for  application  at  idle  conditions.  At  this  power  netting 
emission  of  hydrogen  is  negligible  -  carbon  monoxide  and  unbumed  hydrocarbons  are  the  principal  emissions 
resulting  in  inefficiency.  Past  expenence  has  shown  that  the  average  hydrogen-carbon  ratio  is  close  to  that  of  the 
original  fuel  and,  accordingly,  we  have  used  the  lower  heating  value  of  the  initial  fuel  in  our  equation. 

R.Sawycr:  In  setting  your  goals,  did  you  consider  limiting  aldehydes? 

RJt.Hendmon:  Follo'ving  the  lead  of  EPA  we  have  not  chosen  to  sped*/  limits  for  individual  hydrocarbon  species. 
However,  we  feel  that  this  is  an  extremely  important  point  in  that  nc  hydrocarbons  contribute  equally  to  environ¬ 
mental  problems.  We  have  initiated  some  work  at  AFAPL  to  resolve  «:  ypir  1  hydrocarbon  spectrum  emitted  from 

aircraft  gas  turbine  engines  and  strongly  encourage  others  to  Jo  the  s?f 

A.Lefcbvre:  You  arc  critical  of  variable-geometry  and  staged-fuel  injection  while  /eu  adyocate  premixing.  It  seen.: 
premixed  systems  call  for  excess  air,  have  a  narrow  burning  range,  poor  altitude  relight  and  require  a  pilot  burner. 

R.E  Henderson:  It  is  not  our  intent  to  be  overly  critical  of  variable-geometry  and  staged-fuel  injection  techniques. 
However,  we  do  consider  these  techniques  to  be  much  more  complex  and  would  require  extensive  development. 

This  is  not  completely  true  of  premixed  systems  which  have  1  ?>*n  under  development  for  several  years  and  do  not 
necessarily  exhibit  all  the  problems  you  allude  to  in  your  qu*.-  .  n.  To  further  qualify  this  we  refer  you  to  Paper 
31  by  R  Jones,  NASA,  and  Paper  29  by  D.Bahr,  General  Electric. 

T-Mikus:  Would  you  please  specify  the  units  for  the  absrissas  of  F;gure  5  and  Figure  7? 

R.E.Usndewon:  In  both  cases  the  units  are  in  feet.  In  Figure  5,  this  length  represents  the  linear  distance  of 
exhaust  for  a  given  Smoke  Number  through  which  one  could  sight.  In  Figure  7,  this  length,  nd  ,  represents  the 
number  of  engine  exhaust  plumes  through  which  au  observer  could  sight  perpendicularly  times  the  engine  exhaust 
exit  diameter. 

Mr  Jaarsma:  What  are  your  experiences  with  fuel  additives  for  NOx  reduction? 

R.E.Hentkm»i:  The  AFAPL  sponsored  a  program  to  develop  fuel  modifications  for  abatement  of  aircraft  NOx 
em’ricris.  This  V'  rk  is  fully  des..ibed  in  Reference  1 1  of  our  paper.  It  was  found  that  the  same  metal-bearing 
additives  used  for  smoke  abatement  abo  reduced  NOx.  However,  only  30%  re -factions  were  achieved  for  large 
additive  concentrations  like  0.5%  by  weight. 
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SUMMARY 


She  purpose  c_"  the  present  **ork  is  twofold: 

-  developing  a  photographic  photometry  method  to  measure 
density  and  visibility  of  exhaust  smoke  trails; 

-  obtaining  an  objective  index  for  tho  smoke  emission  de. 
gree  by  turbojets  during  take-off  and  landing. 

Photographic  photometry  is  based  on  light  scattering 
theory.  Assuming  the  light  transmission  percentage  value, 
T,  as  an  index  of  engine  contaminating  level,  tests  here 
conducted  show  the  P;W,  JT8D9  as  being  one  of  the  most  con 
taminating  jet  engines  on  airline  service,  giving  T  values 
of  about  74$S. 

Transmission  T  values  have  been  measured  in  many 
cases  at  different  distances  from  the  nozzle  and  for  sever 
al  angles  between  optical  and  trail  axes.  This  haa  been 
done  to  show  dependence  of  T  from  the  aerodynamic  airplane/ 
engine  configuration  and  from  the  optical  path  L  through 
the  trail, 

A  similar  method  has  been  adopted  from  the  IIT  Re¬ 
search  Inatitute  (Ref,  1).  A  comparison  between  the  re¬ 
sults  is  here  made. 
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SHOES  a&teliS  FROM  AIRCRAFT  TURBINE  ENGINES  are  a  symbol  of  air  pollution.  Smoke  is 
currently  determined  by  an  indirect  reflection  measure  according  specifications  and 
procedures  described  by  Aerospace  Recommended  Practice,  AHP  1179*  Ref.  2,  The  results 
are  expressed  by  a  numerical  value  Known  as  the  AXA  smoke  number.  Ibis  technique  is 
normally  -pplied  to  engines  operating  in  tost  cells.  But,  from  a  practical  point  of 
view,  it  is  required  to  evaluate  an  engine  smoke  degree  during  its  actuel  operating 
conditions  of  aircraft  in  flight,  especially  at  takeoff  and  approach  power,  i.e.  an 
objective  index  taking  into  account  the  visibility  of  smoke  trails. 

At  present,  the  only  accepted  method  for  describing  the  visual  qualities  of 
smoke  trails  is  the  Rlngelmaan  method,  a  subjective  measurement  highly  dependent  upon 
the  environmental  test  conditions. 

.  Jhotographic  photometry  is  a  relatively  simple  and  inexpensive  technique  in 
determining  the  transmission  T  of  ligh4"  through  the  smoke.  This  I  index  is  expressed 
as  the  percentage  of  the  intensity  of  transmitted  light  in  rospect  to  the  intensity 
of  incident  light.  Since  both  particle  volume  concentration,  and  trail  visibility  are 
simple  functions  of  T,  the  corresponding  numerical  value  may  be  assumed  ae  a  valid 
one  to  objectively  evaluate  the  optical  density  of  smoke  plumes  and,  more  in  general, 
to  establish  the  polluting  characteristics  of  the  engine. 

The  light  attenuation  through  a  smoke  trail  is  due  to  the  exhaust  particle 
absorption  properties.  It  is  known  from  optical  physic  that,  where  a  smoke  particle 
is  small,  say  about  0.C5  micron,  in  relation  to  the  wavelength  of  incident  light,  say 
about  0.5  micron,  the  total  attenuation  of  light,  E,  is  substantially  due  to  absorption 
phenomenon. 

The  following  values  are  normally  acceptd.  Ref,  1; 

£  *=  light  extinction  =  0.9 
S  s  light  scatteiing  =  0.1 
A  i  light  absorption  *  0.8 

That  is,  the  extinction  of  light  by  ssircraft  turbine  engine  smoke  is  due  to  89jS  absorp¬ 
tion  of  light  and  11#  scattering  of  light.  Ibis  meaning  that  absorption  is  most 
responsible  of  smoke  trail  obscuration,  smoke  particle  sizes  being  of  the  order  of 
0.05  micron  at  the  nozzle. 

Regarding  small  particles,  absorption  is  only  depending  upon  their  concentration  per 
unit  mass  or  volume  of  gas. 

She  attenuation  of  light,  expressed  as  an  extinction  coefficient  E,  modifies  the 
intensity  of  transmitted  light  as  given  by  the  expression 

I  -  I4  s-"1*61'3  (A) 


where;  ' 

=  intensity  of  incident  light 
I  =  intensity  of  transmitted  light 
c  =  number  concentration  of  smoke  particles 
E  =  extinction  coefficient 
r  7z  particle  radius 


1  *=  optical  depth  through  the  smoke  trail  between  1^  and  I 

Considering  the  aranemiseion  index  T  =  1/1^,  the  expression  (A),  Ref.  1,  may  be 
written 


2,303  log  T  =  -  ttt^cLE 

<B) 

or 

- 

Xog  -  ■  ■  ~  —  cLK 

(O 

where; 

S_  a  opo  cal  trsx  saisexon  dent  ity  of  the  smoke  trail 

K  =  nr2E/  -,303  =  specific  absorption  coefficient 

conclusion,  the  number  of  particles  per  unit  volume,  c,  may  be  determined  as 
function  of;  tbt  distance,  from  the  nozzle,  at  which  the  smoke  trail  density  or  vis¬ 
ibility  has  to  '*e  measured;  the  particle  radius,  r;  the  optical  path,  L;  the  extintion 

gasc^^a^s?:*? 
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coefficient,  E,  7t  ±b  to  be  noted  that:  r  ie  varying  as  function  of  the  distance 
from  ■&e  nozzle  (higher  radius  at  more  distance  from  the  nozzle  and  for  a  acre 
powerful  engine,  Ref,  t).  The  optical  path  Z  depends  upon  the  angle  between  optical 
and  smoke  trail  axes,  the  number  and  superposition,  degree  of  the  trails  left  behind 
the  ail-plane,  and  finally  the  aerodynamic  ai rcraf t/engine  configuration,  Hie  single 
trail  light  tr anemia si on-  T  may  be  determined  by  the  experimental  expression 


*-V^ 


where  n  is  the  number  of  er-yines  and  T  is  the  light  transmission  of  the  superimposed 
smoke  trails. 

It  is  therefore  evident  that,  once  transmission  T  is  determined  by  photometric  method, 
the  c  value  obtained  through  the  expression  (C)  is  accurate  to  an  increasing  degree  as 
more  reliable  are  file  r  and  L  values. 

Consequently  it  is  convenient  to  be  restricted  to  the  determination  of  the  transmis¬ 
sion,  T,  of  light  through  the  smoke,  disregarding  the  evaluation  of  c,  and  to  assume 
the  T  value  as  an  absolute  degree  of  the  engine  emission. 

Hie  visibility  of  jet  smoke  trail  is  substantially  depending  upon  two  factors: 
jet  trail  sizes  and  luminance  contrast  coefficient,  C  ,  between  smoke  plume  and 
extended  background.  ^ . 

No  limitation  is  introduced  in  our  case  by  the  first  factor,  but  a  threshold  contrast 
value  has  to  be  selected  for  jet  exhaust  trails. 

If. the  contrast  coefficient  is  given  by  the  expression 

B  B- 

C  =  £  ...o. 

P  *b 

vhere  B  and  B.  are  the  luminances,  respectively,  of  a  smeke  plums  and  of  an  extended 
backgroSnd,  a  “black  smoke  plume  will  have  a  contrast  coefficient  ranging  from  0  to  1, 
depending  on  the  amount  of  background  light  transmitted  through  the  plume. 

Prom  Ref.  3  we  have,  in  the  case  of  luminance  levels  that  approach  condi tiono  under 
which  jet  engine  exhaust  plumes  are  usually  viewed,  l.e.  with  a  negligible  amount  of 
light  scattering, 

C  =  T  -  1  (D) 

P 

Hie  threshold  contrast  coefficient  of  2£  is  necessary  for  the  visibility  of  jet  carbon 
particle  smoke. 

Therefore,  substituting  2£  into  Eq.  B  indicates  that  jet  smoke  with  T  5>  9^  will  be 
invisible.  According  Ref*  1 ,  a  J  J  57  engine,  must  have,  for  T  =  98£,  a  particle 
concentration  c  less  than  1,7  *  107  particles/co  to  be  invisible.. 

It  is  evident,  from  what  above  mentioned,  that  the  I  value  is  relative  to  that  specific 
aircraft/ en  gine  combinati on , 

It  is  necessary  to  specify  file  distance  from  the  nozzle  and  file  angle  between  optical 
and  trail  axes,  in  order  to  exactly  interpret  the  T  transmission  value. 

PHOTOGRAPHIC  PHOTOMETRY  KETHOB  _  " 

IK  ACTUAL  PRATE CE,  photographic  photometry  technique  is  used  to  photograph  the  smoke 
trails  against  the  sky  as  background,  recovering  file  luminance  values  from  the  photo¬ 
graph,  and  to  record  a  gray  step  scale  on  a  photogram  different  from  that  one  of  file 
subject,  but  on  the  same  film. 

Once  the  negative  is  developed,  the  corresponding  density  of  each  stop  is  meas¬ 
ured  by  a  microdensitometer,  Hg,  A, 

If  the  density  of  the  steps  in  the  gray  step  negative  is  plotted  against  file  loga¬ 
rithm  of  the  exposures  (product  of  the  exposure  time  with  *Ji@  luminance),  the  charac¬ 
teristic  curve  y  of  the  photographic  emulsion  is  obtained. 

Hie  absolute  values  of  the  exposures  are  not  to  be  known,  whereas  the  exposure  ratios 
between  various  gray  steps  are  sufficient.  Exposure  ratio  is  proportional  to  the 
density  difference  between  steps  of  the  original  gray  scale. 

It  is  therefore  convenient  to  have  the  y  curve  plotting  densities  of  the  negative 
against  the  corresponding  density  steps  measured  on  the  original  gray  seals. 

If  tne  deasitieo  ooxrisponding  to  the  smoke  trails  and  the  background  are  measured  by 
microdensitometer  and  plotted  as  ordinates  of  the  y  curve  relative  to  that  negative, 
file  exposure  ratio  and,  consequently,  the  light  transmission  T  may  be  determined. 

Hie  density  is  defined  as 


D  =  log, 


Ik  -  i.-  _L 

r  ~  "**'*  0  m 


W“r*  1  *  [-  °W  -  Vcksromd’] 

The  density  values  measured  by  a  densitometer  depend  upon  the  go one try  of  the 
exploration  optica,  and  upon  the  s cat tori  ng  and  the  li^it  absorption  relative  to  the 
examined  no.gative, 

Ihat  is,  for  a  scattering  subject,  the  density  measured  through  an  instrument  having 
a  large  solid  angLe,  is  differing  from  the  density  obtained  through  a  small  solid 
angle  instrument.  She  first  instrument  is  measuring  a  scattered  density,  the  second 
one  a  specular  density  larger  than  the  other. 

Ihe  two  densities  are  interdependent  through  the  Colliers  coefficient.  In  photo¬ 
graphing  ths  original  gray  scale  to  calibrate  the  film,  the  densities  obtained  by  the 
camera  are  specular,  because  of  the  small  angle  subtended  by  the  lens  on  the  gray 
scale,  whereas  the  densities  measured  by  the  densitometer  on  the  original  gray  scale 
(plotted  as  abscissa)  may  be  not  specular. 

A  hotter  approach  could  be  obtained  through  an  accurate  determination  of  the  Calliers 
coefficient.  Otherwise,  the  following  proceduro  may  be  suggested: 

-  determination  by  a  microdensitometer  of  the  increments  of  -the  gray  scale  reproduced 
on  the  negative,  11  g.  A} 

-  plotting  as  abscissas,  in  suitable  scale,  the  nominal  density  values  of  the  origi¬ 
nal  gray  scale,  avoiding  every  measurement.  The  density  increment,  measured  from 
any  reference  (line  A— A  in  Pig.  A)  is  plotted  in  correspondence  of  each  original 
density  5 

-ay  curve  is  obtained,  to  draw  in  tracing  paper,  Pig.  B.  In  fact,  it  is  sufficient 
to  superpose  the  tracing  paper  B  on  the  graph  C  to  obtain  the  desired  density  inure, 
ments;  that  is  possible  if  the  scale,  relative  to  the  density  values  plotted  as 
ordinates  in  Pig.  A  and  3  and  to  the  graphs  obtained  by  microdenBimeter  for  the 
density  increments  in  the  transition  shy- trail-shy  (points  A  and  B  in  Pig,  Cj,  is 
the  same  ono;  " J 

-  the  real  density  values  may  be  read  as  abscissas,  in  correspondence  of  the  interseo 
tions  between  the  curves  of  Pig.  C  and  B.  The  antilogarithm  of  their  difference 
gives  the  transmission  T  value  of  the  smoke  trail. 

IN  STKUuiZH  IA  H  OK 

TWO  35  mm  SINGLE  LENS  RE HEX  PHOTCCAKERAS'  TTL,  with  135  and  50  mm  lenBes,  have  beeD 
used  to  photograph  the  smoke  trails.  They  have  been  set  up  a  tripod  for  horizontal 
and  vertical  angular  displacements. 

Camera  and  gray  scale  were  inside  a  dark  chamber  having  the  wedge  on  a  terminal  slit, 
in. order  that  the  scale  could  be  illuminated  only  from  the  sky  light.  In  addition  to 
photographing  the  subject,  whose  luminance  was  to  be  measured,  a  transparent  gray-step 
wedge  was  also  photographed. 

It  wa3  used  the  same  background  of  the  smoke  trail,  even  though  this  is  not  limitative 
in  as  much  sb,  for  a  panchromati c  emulsion,  the  slope  of  the  curve  y  is  not  changing 
for  cloudy  or  bright  sky  exposures. 

The  sensitive  material  was  Ilford  Pan-F,  developed  in  Ilfosol  1  +  2g,  at  T  =  20°C  for 
10  min. 

For  measuring  density,  a  kK  111  3S  Double  Beam  microdensitometer  by  Joyce  Loetd  Ltd 
was  used. 

EXPEHIi^NTS  AND  RESULTS 

DIFFERENT  TYPES  OP  ENGINES  and  airplanes  have  been  examined  during  this  study.  Static 
and  in  flight  measurements  were  obtained  at  the  Airport  of  Pisa-  S.  Giusto.  In  fligit 
observations  of  aircraft  exhaust  were  made  on  the  DC-9-30,  B-737-20C,  BAC-1-11,  S.A. 
Caravelle.  Engines  examined  ?rers  P.W.  JT8D-7,  H.l  Spay,  ?.W.  JT8D-9,  R.R.  Avon 
.532  R. 

1)  In  flight  teats  -  Photographs  and  visual  estimates  of  the  obscuring  power  of  the 
smoke  were  made,  with  several  viewing  angles,  from  two  sites  600  feet  right  and 
left  the  runway  strip.  Records  were  made  in  more  days.  In  general,  airplanes 
moved  away  from  the  measuring  sites  during  take-off. 

Table  1  auvmarizes  the  results  of  DC-9  I-DIZB.  When  viewed  at  90  deg,  visual  trana 
mission  typical  values  wore  of  the  order  ~t  77£.  At  more  distance  from  the  nozzle, 
transmission  throu^i  snrxe  trail  is  increasing  (86. 5£  and  79. 5£). 

With  the  DC-9  I -A TIE,  Tnblo  2,  the  results  correspond  to  transmission  values  of 
74-76£-  with  viewing  a ngle  of  90°  at  take-off. 

The  measurements  14),  15  and  16)  show  dearly  as  transmission  is  decreasing  with 
less  viewing  angle  between  optical  and  trail  axes. 

More  results  have  to  bo  obtained  from  the  DC-9  I-A5SX  airplane,  Table  4. 

The  Caravelle  I-DABT,  equipped  R.R.  Avon  engines,  show  polluting  characteristics 
quite  inferior  in  respect  to  the  other  examined  airplanes,  Table  3. 
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Measurements  obtained  from  the  Boeing-737-200,  3-AWSY,  even  though  unsufficiont  for 
general  conclusions,  show  transmission  vslueB  of  -fee  same  order  of  the  DC-9,  Die 
same  result  has  been  taken  from  observations  of  the  BAC-1-11,  R.R.  Spay,  Sable  4, 

Tig,  1  and  2  show  typical  photegrams  cf  tho  DC~9  I -AUK,  under  viewing  angles  of  90° 
and  45°, 

Tig,  3  and  4  are  referred  to  the  Caravelle  I-DABP}  like  idle  case  of  the  DC-9,  the 
smoke  trail  visibility  is  increasing  as  the  viewing  angle  is  decreasing, 

2)  Static  tests  -  Measurements  were  taken  during  thrust  reversal  on  landing,  take-off 
starting;,  taxying,  engine  idling. 

Some  results  during  thrust  reverf  i  of  the  DC»9  IJDI2.B  are  summarized  in  Table  5. 
The  relative  smoke  emission  is  shj»n  on  Tig.  5> 

Measurements  made  for  the  DC-9  I-AHK  during  runway  show  a  quite  invisible  smoke 
trail,  corresponding  to  T  =  96  -  97£, 

CONCLUSIONS 

PHOTOGRAPHIC  PH0Kff4EIRY  IS  OFFERING  an  effective  technique  to  determine  the  smoke 
trail  visibility  and  the  carbon  particle  volume  concentration  at  some  distances  from 
the  exhaust  nozzle.  Restricting  observations  to  the  smoke  trail  naar  the  engine 
exhaust,  it  is  possible  to  have  an  indication  of  the  polluting  degree  of  an  engine 
simply  through  the  transmission  f  value, 

Developing  such  measuring  method  applied  to  several  conditions  and  many  kinds 
of  airplanes,  and  using  a  more  sophisticated  instrumentation,  it  is  possible  to  estab 
lish  the  influence  on  the  optical  transmission  values  of  the  aerodynamic  engLne/air~~ 
plane  configuration  and  of  the  atmospheric  conditions. 

Each  airplane  has  been  photographed  from  two  different  sites,  using  photocameras 
wi  Z'  different  focal  length.  Tho  two  negatives  have  been  developed  and  analyzed  ac¬ 
cording  the  indicated  procedure.  The  transmission  values,  obtained  for  the  same 
viewing  angle  and  nozzle  distance,  coincide,  to  confirm  the  validity  of  the  system. 
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Table  3  -  f5„A,  Caravelle  I-JDABP,  R.R.  Avon  532  R  engine 


Operation 


Viewing 
Angle,  deg. 


Distance 
from  Hozzle 
(feet) 


Transmission 


Take-off 

Take-off 

Take-off 

Take-off 

Take-off 


Take-off 

Take-off 

Take-off 
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At  the  same  distance  from  the  nozzle,  transmission  is  decreasiig, 
with  loss  angLe  between  optical  and  trail  axes. 


Table  4  -  Measurements  on  airplanes  jn  flight. 
Airport  of  Pi3a,  S.  Oiusto. 
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Viewing 
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Transmission 
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Take-off 

Take-off 


Y.  P.W.  a 


Take-off 

Take-off 


BAC  1-n  GwAXOP.  R.R.  Spav  engine 
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SUMMARY 

The  environmental  toxicologist  mist  deline  the  adverse  effects  of  aircraft  operations  on  all  fores  of 
life  in  the  operational  rod  peripheral  environment.  The  scope  includes  soil  and  aquatic  organises,  all 
fora *  of  plant  life,  domestic  and  wild  aniasls,  and  the  entire  spectrum  of  Una, an  population.  Sources  of 
pollution  fro*  aircraft  operation  include  such  chemical  substances  end  decomposition  products  thereof  as 
aviation  gasolines,  jet  fuels,  advanced  fuels,  oils,  lubricants,  hydraulic  fluids,  coolants,  deicers,  and 
various  additives  used  in  these  formulations.  These  say  enter  the  environment  as  the  result  of  normal 
mission  accomplishment  and  attendant  ground  operations,  inadvertent  malfunctions  and  spillage,  and 
necessary  periodic  disposal  processes.  To  euablu  the  formulation  of  both  comprehensive  and  sensible 
environmental  assessments  and  environmental  impact  statements,  definitive  toxicological  criteria  and 
standards  must  be  available.'  This  paper  will  discuss  some  of  the  physiological  effects  of  the  more 
important  compounds  which  are  current  problems  with  aircraft  pollutants,  indicate  some  of. the  problems 
associated  with  obtaining  such  biological  data,  discuss  mechanisms  necessary  to  comply  with  current 
pollution  control  directives,  and  point  our-  the  standards  which  are  now  functional. 


INTRODUCTION 

In  the  last  decade,  the  introduction  of  jet  aircraft  employing'  low  bypass  turbofan  engines  at 
airports  located  in  or  near  population  centers  has  brought  increasing  public  attention  to  aircraft- 
contributed  pollution.  As  airport  aircraft. activity  increased,  the  emission  of  visible  exhaust  smoke 
and.  the  attendant  noise  generated  by  jet  engines  were  viewed  by  many  citizens  with  increasing  concern. 
Although  smoke,  per  se,  is  not  toohareful,  it  focused  attention. on  jet  aircraft  ac  a  source  of  some 
Invisible  toxic  gaseous  emissions  (err bon  monoxide,  hydrocarbons,  and' oxides  of  nitrogen).  In  the  USA, 
the  Environmental  Protection  Agency  (SPA)  has  indicated  the  necessity  to  regulate  eirertft  emission  of 
the  three  aforementioned  groups  cf  compounds.  The  EKA  has  provided  consistent  evidence  that  aircraft  are 
important  contributors  to  air.,  pollutant  concentrations  in  excess  of  primary  (health  related)  and  secondary 
(welfare  related)  Federal  ambient  air  quality  standards  in  localized  areas  of  US  airports.  The  planned 
EPA  regulations  are  based  on  reducing  emissions  by  aircraft  during  their  operation  below  3000  feet. 

However,  the  additional  environmental  problems  of  high  altitude  emissions  will  soon  be  dealt  with. 

The  environmental  toxicologist  must  define  the  adverse  effect*  of  aircraft  ooeratiens  on  all  forms  of 
life  in  the  operational  and  peripheral  environment.  The  scope  includes  soil  and  aquatic  organisms,  all 
forms  of  plant  life,  domestic  and  wild  animals,  and  the  entire  spectrum  of  human  population.  . 

Sources  of  potential  pollution  from  aircraft  operations  include  such  chemical  substances  and 
decomposition  products  ‘hereof  as  aviation  gasolines,  jet  fuels,  advanced  fueVs,  oils,  lubricants, 
hydraulic  fluids,  cedants,  deicers,  and  various  additives  used  in  these  formulations.  These  may  enter 
the  environment  as  the  result  of  normal  mission  accomplishment  and  attendant  ground  operations, 
inadvertent  malfunctions  and  spillage,  and  necessary  periodic  disposal  pfocesses.  To  enable  thu  formula-, 
tlon  cf  both  comprehensive  and  sensible  environmental  assessments  and  environmental  impact  statements, 
definitive  toxicological  criteria  and  standards  must  be  available. 

This  paper  will  discuss  some  of  the  physiological  effects  of  the  more  important  compounds  which  arc 
current  problems  with  aircraft  pollutants,  indicate  some  of  the  problems  associated  with  obtaining  suck 
biological  data,  discuss  mechanisms  necessary  to  comply  with  current  pollution  control  directives,  and 
point  out  the  standards  which  are  now  functional. 

PERTINENT  LAWS  AND  DEFINITIONS 

The  Clean  Air  Act  as  amended  in  1970  has  promulgated  a  group  of  companion  laws  and  regulations 
which  will  be  of  consequence  not  only  to  the  airlines  and  aircraft  industry  of  the  United  States,  but  also 
to  foreign  carriers  and  manufacturers  of  aircraft  operating  in  the  United  States  as  veil.  Section  231  of 
the  Clean  Air  Act  as  amended  by  Public  Law  91-604,  directs  the  Administrator  of  the  Environmental  Protection 
Agency  (EPA)  to  "establish  standards  applicable  to  emission  of  any  air  pollutant  from  any  class  or  classes 
of  aircraft  or  aircraft  engines  which  in  his  judgement  cause  or  contribute  to,  or  arc  likely  to  contribute 
to,  jtlr  pollution  which  endangers  the  public  health  or  welfare."  Regulations  insuring  compliance  with 
these  standards  are  required  to  be  Issued  by  the  Secretary  of  Transportation  in  accordance  with  Section 
232  of  the  Act.  as  a  means  of  complying  with  the  Clean  Air  Act,  the  US  Air  Force  has  implemented  an 
active  program  for  the  "Protection  and  Enhancement  of  Environmental  Quality"  as  outlined  in  a?  Regulation 
19-1.  This  regulation  establishes  policies,  assigns  responsibilities,  and  provides  criteria  and 
standards  for  an  environmental  pollution  abatement  program.  The  following  is  quoted  (in  part)  directly 
from  this'  regulation: 

"1.  Environmental  Pollution  Explained:  As  used  in  this  regulation,  environmental  pollution  is 
the  presence  of  physical,  chemical,  and  biological  elements  or  agents  that  adversely  affect*  human  health 
or  welfare,  unfavorably  alter  ecological  balances  of  importance  to  human  life,  adversely  affect,  species 
of  animal  or  plant  life,  cause  damage  to  and  deterioration  of  man-mod a  materials  or  property,  or  degrade 
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the  utility  of  the  environment  for  aesthetic  and  recruatioa  purposes.  Control  of  environmental  pollution 
requires  consideration  of  air,  water,  and  land,  and  cast  extend  to  noise,  improper  solid  waste  aanagsoect, 
and  electromagnetic  energy,  as  well  as  thing,'  conventionally  thought  of  as  pollutant*.. 


2.  Air  Force  Policy: 

a.  Eliminate  or  control  environmental  pollutants  generated  by  or  resulting  from  Air  Force 
operations  cr  from  contractor  operations  on  real  property  owned,  leased  or  controlled  by  the  Air  Force 
consistent  with  the  overall  mission  of  the  Air  Force. 


b.  Lead  in  preventing,  controlling, .and  abating  environmental  pollution  by  accelerating 
corrective  measurer  at  Air  Force  insinuations,  and  by  initiating  and  supporting  local  area  program*  of 
local  communities  in  developing  area-pollution  abatement  programs, 

c.  Provide  for  environmental  pollution  control  measures  in  designs  for  new  Ait  Force 
buildings,  facilities,  weapon  systems,  operations,  tests,  exercises,  procedures ,  and  projects  for 
rehabilitation  or  modification  of  structures. 


d.  Provide  preventive  pollution  control  by: 

(1)  Seducing  or  eliminating  via to  et  the  point  of  generation.' 

(2)  Considering  potential  environmental  pollution  control  problem/;  when  selecting. 
chemical  compounds  and  materials  to  be  used  in  Air  Force  operations. 

(3)  Including  pollution  abatement  as  or.  element  in  specifications. 

e.  Comply  not  only  with  Air  Force  directives  relating  to  pollution  criteria  and  standards, 

bar  also  with  criteria  and  standards  published  by  the  Environmental  Protection  Agency  (EFA)  cad  by  state 
and  local  pollution  abatement  agencies  in  the  urea.  Either  Air  Force  or  EPA  standards  ard  criteria, 
depending  on. which  id  more  restrictive,  will  be  applied  when  state  or  local  agency  standards  are  less 
stringent  or  nonexistent.  .  ' 

Other  laws  which  have  direct  impact  on  the  aircraft  industry,  are.  tfc  "National  Environments!  Policy 
Act",  the  "Occupational  Safety  and  Health  Act".,  and  the  aovt  recently  proposed  "Toxic.  Substance  Act". 

The  latter  act  will  undoubtedly  require  that  any  chemical  which  will  he  utilized  in  large  quantities  will 
be  given  a  thorough  screening. and  evaluation  process  in  tense  of  its  total  effect  on  the  environment  (air, 
water,  soil,  biological  activity,  etc),  how  it  is  to  enter  the  environment,  how  it  will  move  dr  be 
transported  within  the  environment ,  and  ultimately  how  It  will. be  disposed  of  or  removed  from  the  environ¬ 
ment.  Routine  studies  will  be  required  to  determine  the  physical,  Chemical  and  biological  properties  of 
each  compound  as  it  pertains  to  the  physical  environment  as  well  as  its  effects  go  living  organisms. 
Special  attention  will  be  given  to  toxic,  carcinogenic,  mutagenic,  teratogenic  and  reproductive  processes. 
As  one  can  readily  see,  compliance  with  all  these  rules  add  regulations  can  become  exceedingly  costly  and, 
as  shall  be  seen,  may  require  long  lead-times  for  acquisition  of  biological  data.  Since  these  laws  will 
ultimately  affect  every  new  fuel,  fuel  additive,  cil,  lubricant,  hydraulic  fluid,  coolant,  etc.,  it  is 
readily  apparent  that  all  aircraft  design  engineers  and  propulsion  chemises  must  become  intimately  aware 
of  the  biological  aspects  involved, 

AIRCRAFT  AND  AIRCRAFT  ENGINES  (PROPOSED  STANDARDS) 

The  proposed  standards  of  the  EPA  were  published  in  the  Federal  Rtsisrer  9.  37,  No.  239,  12  December 
1972.  It  is  pertinent  So  note  that  the  proposed  regulations  would  establish: 

1,  Fuel  venting  emission  standards  for  new  and  in-use  aircraft  gas  turbine  engines. 

?.  Cr&akcara  emission  standards  for  new  aircraft  pistoc  engines. 

3.  Exhaust  emission  standards  for  new  and  in-use  aircraft  gas  turbine  engines. 

6.  Exhaust  emission  sepndards  for  new  aircraft  piston  engines. 

5.  Exhaust  emission  standards  for  new  gas  turbine  aircraft. 

6.  Test  procedures  applicable  to  aircraft  gas  turbine  engines  and  gas  turbine  aircraft. 

7.  A  test  procedure  applicable  to  aircraft  piston  engines. 

Coals  of  the  EPA  are  to  complete  a  formal  analysis  of  technology  development  by  1  January  1975  in 
order  to  reflect  a  best  estimate  of  gaseous  emission  standards  for  turbine  and  piston  engines  which  may  be 
technically  feasible  by  1979,  Of  particular  intsreat  is  paragraph  87.71  which  states  tost  ASTM  D  1655-67 
Jet  A  fuel  shall  be  used  for  testing  purposes.  This  fuel  may  contain  non-metallic  additives  but  say  sot 
contain  additives  used  for  the  purpose  of  smoko  suppression  (such  an  organomctallic  compounds).  It  is  not 
clear  whether  organon stall ic  compounds  may  be  used  for  normal  operation. 

It  is  not  necessary  nor  desirable  to  present  standards  here  since  they  may  be  read  in  the  document 
and  they  are  subject  to  great  change*  before  becoming  lev.  For  purposes  of  illustration,  the  following 
are  noted  as  standards  for  a  new  gas  turbine  engine  manufactured  on  or  after  1  January  1976  (Class  T4-JTSD 
model  family): 


1.  Hydrocarbons  -  2.5  lb/1000  lb  thrust  hrs/cyola. 

2.  Carbon  Monoxide  -11.5  lb/1000  lb  thrust  hrs/cyde. 
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In  centrcat,  for  engines  of  the  saaa  clan  manufactured  after  1  January  1979,  the  emission  limits  are: 

1.  Hydrocarbon*  -  0.4  lb/ICCO  .lb  thrust  hrs/cycln. 

2. '  Carbon  Monoxide  -  2.1  lb/1000  lb  thrust  hrs/cycle. 

3.  Oxides  of  Nitrogen  -  3.2  lb/1000  lb  thrust  hrs/cycle. 

4.  Sacks  -  Smoke  number  of  35. 

Notice  that  there  are  no  lisits  for  KOy  or  smoke  for  the  1976  standards  but  they  are  proposal  f-r  1979 
engines. 

It  is  obvious  then,  froa  the  proposed  standards  and  the  general  tenor  of  this  nesting  that  tho 
primary  concerns  of  tho  EPA  are  toward  control  of  carbon  nonoxide  and  the  oxides  of  nitrogen.  Smoke 
abatement  has  already  received  a  good  deal  of  work  and  has  been  greatly  reduced  with  new  advance*. 

TOXICOLOGY  OF  AIRCRAFT  ENGINE  EXHAUST  PRODUCTS 

la  a  recent,  paper  by  K.F.  Sawyer  (ACASD  Report  No.  40  on  Atmospheric  Pollution  by  Aircraft  Engines 
and  Fuels)  thsre  is  an  interesting  summary  of  pollutant  species  and  their  primary  effects  in  Table  II.  A 
primary  effect  of  toxicity  was  noted  for  carbon  monoxide,  oxides  of  nitrogen,  oxides  of  sulfur^  lead, 
metals,  sulfur  compounds,  halogenated  acids  and  aldehydes.  It  is  true  that  all  of  these  compounds  can  be 
considered  toxic  if  tbe  concentration  in  the  atmosphere  is  great  enough  to  cause  harmful  effects.  One 
must  recognize  that  pollution  from  aircraft  engines  is  not  a  problem  of  acute  toxicity.  That  la,  single 
exposures  do  not  cause  harmful  effects  to  humane  as  does  a  single  exposure  to  a  high  concentration  of  a 
chemical  such  as  hydrogen  fluoride  gas.  Rather,  the  toxicity  is  manifest  only  as  it  adds  to  the  whole 
:omplex  of  chronic  air  pollution  effects.  Further,  at  present,  aircraft  are  probably  only  responsible 
for  significant  pollution  in  highly  populated  cities  where  high  pollutant  levels  are  already  prevalent 
from  other  vehicular  sources. 

NATIONAL  PRIMARY  AND  SECONDARY  AMBIENT  AIR  QUALITY . STANDARDS 

The  following  can  be  found  In  the  Federal  Register  Vol  36,  No.  84,  dated  30  April  1971,  and  in  VoX 
36,  No.  206,  dated  23  October  1971.  It  is  necessary  to  understand  these  standards  in  order  to  understand 
the  reslly  low  levels  of  contaminants  which  the  EPA  is  trying  to  achieve. 

National  primary  ambient  air  quality  standards  define  levels  of  air  quality  which  the  Administrator 
judged  are  necessary,  with  on  adequate  margin  of  safety,  to  protect  the  public  he -,1th.  National  secondary 
ambient  air  quality  standards  define  levels  of  air  quality  which  the  Administrator  judges  necessary  to 
protect  the  public  welfare  from  any  known  or  anticipated  adverse  effects  of  a  pollutant.  For  your 
convenience  the  data  have  beta  placed  in  Teble  1. 

In  an  emergency  situation  '..iere  any  of  the  contaminants,  alone  or  in  combination,  reach  levels  deemed 
significantly  harmful  to  health,  it  is  likely  that  all  out  contingency  laws  would  prevail.  It  is  likely 
that  all  abatement  strategics  including  decrease  in  air  traffic  night  be  brought  to  bear  on  the  situation. 
Keep  in  mind  that  these  levels  are  designed  to  protect  .all  people  fron  harmful  effects,  including  the 
healthy,  very  young,  the  aged  and  persons  in  poor  health. 

TOXICOLOGY  OF  CAREO.Y  MONOXIDE 


In  order  to  shed  some  light  on  the  problems  associated  with  obtaining  biological  data  vhich  can  be 
used  for  establishing  environmental  quality  standards,  emergency  exposure  limits  and  threshold  limit  values, 
I  should  like  to  use  as  '.n  example  the  work  performed  in  our  laboratories  during  the  paut  few  years  on 
catbcn  monoxide.  Keep  in  mind  that  loug-tcrm  continuous  exposure  data  are  required  to  establish  environ¬ 
mental  quality  standards.  For  emergency  exposure  limits,  high  level,  short-term  exposures  are  necessary, 
while  8  hour,  five-day  per  weak  exposures  are  needed  to  establish  threshold  limit  values  for  the  working 
population.  This  presentation  is  cot  intended  to  be  an  extensive  review  dealing  with  all  aspects  of 
carhan  rviioxlde  toxicity.  The  interested  reader  is  referred  to  several  reviews1*^  and  to  the  recent  New 
York  Academy  of  Sciences  symposium,  "The  Biological  Effects  of  Carbon  Monoxide", ^  which  explored  the 
eubjecc  in  great  depth. 


Although  the  toxicity  of  carbon  monoxide  was  veil  established,  the  Ait  Force  developed  a  keen  interest 
as  a  result  of  the  following  considerations: 


1.  Once  the  reality  of  man  in  spate  was  established,  it  soon  became  apparent  that  tavbon 
aonoxije  sight  become  a  major  problem  on  long-term  space  flights,  i.c.,  missions  of  greater  chan  90  days 
duration.  Studies  on  space  cabin  materials  revealed  that  a  major  gas-off  product  was  CO,  Of  the  first 
206  materials  tested,  127  or  62  per  cent  evolved  CO. °”3  Another  potential  source  of  CO  contamination 
stemmed  from  considerations  or  Oj  regeneration  systems,  vhich  would  be  needed  for  long  missions.  Such 
systems  could' "utilize  the  Sabatier  reaction  or  others  which  utilize  CO  in  the  reaction  cycle  to  generate 
Oj.  Finally,  man  himself  could  contribute  to  tha  CO.  Coburn  studied  endogenous  CO  production  and  the  CO 
pool  in  man.*  Re  measured  ths  rate  of  endogenous  CO  production  at  0.42  ml/hr  in  a  normal  resting  male,  with 
production  oriaa riij  from  hemoglobin  catabolism. 


2.  The  detrimental  affects  of  CO  hove  been  primarily  derived  froa  acute  exposures  to  relatively 
high  concentrations.  Under  such  circumstances  the  central  nervous  system  (CHS)  is  the  most  vulnerable, 
followed  by  cardiovascular  collapse  late  in  the  intoxication  cycle.1*  Although  these  effects  arc  part  of 
an  acute  CO  exposure,  this  relationship  doos  not  necessarily  apply  to  chronic  (intermittent)  or 
continuous  exposures  to  low  concentrations  ot  CO.  The  major  question  at  present  is,  "Does  chronic  continuous 
exposure  to  CO  adversely  effect  the  CVS.  or  the  cardiovascular  system  at  low  levels  vhich  are  considered  safe 
during  transient  exposure s'?" 


35-5 


3.  Since  the  CHS  is  the  most  sensitive  to  hypoxia,  could  CO  disrupt  the  Biro  couple-!  cognitive, 
aental,  or  the  highly  integrated  functions  of  the  brain?  Several  rtudies  report  decrements  in  human 
performance  with  COHb  levels  as  low  as  3  to  52,  however,  others  have  not  scan  impairment  at  tnese 
levels.**'1^  The  importance  of  determining  whether  real  effects  from  CO  exist  at  such  low  levels  of  COHb 
becomes  apparent  when  the  COHb  levels  of  cigarette  smokers  ate  taken  Into  consideration.  Goldsmith  »n<s 
L&ndaw  found  smokers  to  have  COHb  levels  between  3.8  and  0.82.  If  these  COHb  levels  are  compared  to  the 
3  to  52  levels  associated  with  performance  decrements  as  reported  by  several  investigators,  then  one  must 
consider  the  possibility  that  targe  segments  of  the  popular!.'.'  may  be  performing  certain  functions  at 
depressed  levels. 

Our  studies  can  be  divided  into  three  major  areas:  (1)  the  effects  of  continuous  long-tom  CO  exposure 
on  various  animal  species;  (2)  thi  effects  of.  continuous  long-term  CO  exposure  on  the  performance  of  rhesus 
monkeys;  and  (3)  the  effaces  of  short-term  low  level  CO  exposure  or.  human  performance.  Previous  workers 
have  indicated  marked  changes  in  the  central  nervous  system  (brain),  cardiac  lesions,  vascular  lesions 
(increased  susceptibility  to  lipid  depositions  in  the  aorta)  ‘.nd  performance  decrement  at  exposure  levels 
as  low  as  50-100  ppm  CO.  In  order  to  accelerate  the  development  of  such  changes,  monkeys,  batjons,  dogs, 
rats,  and  mice  were  exposed  to  CO  continuously  for  168  day?  in  the  Thomas  Domes  (Exposure  Chambers).  The 
exposed  animals  received  CO  at  concentrations  of  460  mg/cuX  for  the  first  71  days,  followed  by  575  mg/cuH 
for  97  days.  Control  animals  were  kept  under  identical  conditions  except  fot  the  preser.ee  of  CO.  This  high 
level  exposure  initially  resulted  in  obvious  clinical  signs  of  anorexia  and  depression  v.iich  disappeared  lr. 
three  days  to  a  week  after  onset  of  exposure.  The  ultimate  result  of  the  exposure  was  an  increase  in  ,ieao- 
globin  which  closely  correlated  with  the  amount  of  circulating  carboxy hemoglobin.  There  was  a  commensurate 
rise  in  hematocrit  and  the  number  of  red  blood  calls  with  a  alight  decrease  of  plasma  volume  so  that  a  marked 
increase  in  blood  viscosity  resulted.  Despite  the  marked  Increase  in  blood  carboxyhemoglobin  (402)  this 
study  has  demonstrated  the  adaptive  mechanisms  available  to  provide  oxygen  transport  in  the  blood  during 
exposure  to  CO  at  levels  more  than  eight  times  that  of  the  current  industrial  Threshold  Limit  Value  (TLV). 

In  addition,  detailed  pathological  examination  revealed  no  discernible  lesions  of  the  central  nervous 
system,  heart  or  vascular  system.  In  rats  and  mice  there  was  a  statistically  significant  rise  in  heart 
weight  and  in  heart  to  body  weight  ratio.  The  increase  seemed  to  be  predominantly  in  the  left  ventricle 
and  can  be  explained  by  the  .increase  in  blood  volume  and  viscosity  which,  in  turn,  increases  the  workload 
fui'  the  heart.  Apparently  the  most  significant  limiting  factor  in  adapting  to  slowly  increasing  carbon 
nonoxide  concentrations  is  the  blood  forming  system’s  ability  to  produce  sore  and  care  red  blood  cells  s «d 
the  cardiovascular  system’s  abilit;  to  move  high  viscosity  blood.  Blood  viscosity  was  increased  to  such 
critical  levels  in  this  experiment  that  any  further  increase  in  the  concentration  of  carbon  monoxide  would 
almost  certainly  hav*  resulted  In  catastrophic  heart  failure.  This  study  has  gone  a  long  way  to  dispel 
some  of  the  entrenched  theories  as  to  the  direct  toxic  effect  of  carbon  monoxide  on  the  cells,  other  than 
tissue  anoxia,  which  can  result  freo  reducing  tbe  blood  oxygen  carrying  capacity  by  tying  up  too  much 
hemoglobin  with  carbon  monoxide.  Results  arc  of  practical  significance  to  the  protection  of  both  ground 
and  flying  personnel  in  environments  where  carbon  monoxide  becomes  a  toxic  hazard. 

The  CS  Air  Force  has  a  very  high  interest  in  the  short-  and  long-term  effects  of  carbon  monoxide  (CO) 
since  studies  of  gas-off  products  of  space  caain  materials  and  processes  (including  man’s  contribution) 
reveal  that  the  compound  is  lisoly  to  be  found  in  space  cabins  if  not  properly  removed.  Recent  investiga¬ 
tions  by  others  have  indicated  that  very  low  concentrations  of  CO  can  cause  subtle  decrement  in  high  level 
performance.  In  order  to  teat  performance  changes  in  animals,  a  continuous  100-day  CO  (220  mg/Hv  concen¬ 
tration)  exposure  study  in  a  space  cabin  atmosphere  of  5  psia  total  pressure  (27,000  ft  simulated  altitude), 
mixed  gas  environment  consisting  of  682  exygen  and  32X  nitrogen  (p02  ■  160  imaHg)  was  performed.  The 
experiment  was  performed  on  12  trained  Macaco  mulatto  monkeys  in  which  operant  behavior  was  conditioned  to 
both  continuous  and  discrete  avoidance  tasks  by  both  audio  and  visuej.  cues.  The  animals  performed  15  min/ 
hour,  8  hours/day  and  5  day /week  faring  the  continuous  exposure  period.  Extensive  clinical  laboratory 
determinations  were  performed,  including  blood  ccrboxyhcmoglobin  levels,  at  regular  intervals  before, 
during,  and  following  the  exposure  period.  P.osults  of  the  100-day  exposure  indicated  a  rapidly  plateauing 
carboxyhenoglobin  saturation  of  approximately  222  in  all  animals.  There  was  also  a  concomitant  increase 
in  hcmat«c-rit  and  hemoglobin.  Exposure  caused  no  detectable  perforaance  changes. in  ar.y  of  the  monkeys 
tested.*® 

Other  workers  have  reported  performance  decrement  iu  hunans  and  animals  exposed  to  50  to  100  ppa  of 
CO  which  produce  carboxyhemoglobin  levels  of  4  to  102  saturation  at  equilibrium.  In  a  previous  in-house 
experiment,  9  human  volunteers  were  subjected  to  50-200  ppm  CO  levels  for  three  lours.  These  levels 
caused  no  significant  deterioration  in  performance  of  time  estimation,  tracking,  or  ataxia  tests.  In  a 
more  recent  study,  4  human  volunteers  were  exposed  overnight  for  approximately  9  hours  in  a  Thomas  Dome 
to  0,  75,  or  150  ppa  of  carbon  monoxide  in  a  double-blind  designed  experiment.  This  exposure  produced 
blood  carboxyhemoglobin  levels  of  62  and  122  for  75  and  150  ppa  CO,  respectively.  Ko  effect?  were  noted 
on  sleep  patterns  obtained  from  contlm-ous  EEC  recordings,  indicating  a  restful  sleep.  Ataxia  tests, 
psychophsraacological  workload  tests,  tracking  tests  and  flicker  fusion  tests  were  not  different  from 
control  values  during  non-cxpos&i  nights.  Tiae  estimation  was  also  unaffected  by  exposure.  These  results 
are  claarly  different  from  thos  -  of  Beard  and  Vertheia  wbo  found  decrement  at  these  levels.*^  Oiir  data 
indicate  that  CO  at  the  levels  used  in  our  experiments  would  not  impair  those  pilot  performance  skills 
required  to  execute  instrument  landings  of  aircraft,  or  landing  heavy  aircraft  under  adverse  conditions 
such  as  a  strong  crossvind. 

In  mumsa-y,  please  note  that  in  all  those  experiments  carboxyhemoglobin  levels  were  from  4  to  as  high 
as  402  saturation.  Remember  from  Tabls  1  that  the  primary  standard  for  carbon  monoxide  is  9  ppa  for  8 
hours  which  can’t  Le  exceeded  mare  chan  ooce  a  year.  This  level  should  r.ot  produce  a  carboxyhemoglobin 
level  of  more  than  1-22  saturation.  These  are  much  below  a  ievel  obtained  by  a  can  who  smokes  1  pack  of 
cigarettes  per  day. 

I  do  not  wish  :o  reave  the  reader  with  the  impression  that  we  arc  op?. oed  to  more  stringent  control  of 
environmental  pollution  or  that  carbon  monoxide  is  completely  harmless.  The  general  public,  and  those 
responsible  for  its  general  health,  must  establish  levels  of  catoon  nonoxide  which  contain  wide  safety 
margins  to  insure  the  weli-oeing  cf  the  total  population.  However,  these  limits  must  be  established  by 
realistic  criteria  in  order  tc  be  meaningful.  In  the  case  of  the  Ait  Force,  which  deals  with  a  more  select 


population,  It  needs  such  criteria  In  order  to  operate  within  the  economic  and  practical  engineering 
constraints  placed. on  operational  systems  and  still  be  certain  that  the  human  element  is  unimpaired. 


OTHER  STANDARDS  OP  IMPORTANT  COMPOUNDS 

In  contrast,  then,  to  the  standards  outline! in  Table  i,  the  following  criteria  are  followed  for 
Emergency  Exposure  Limits  and  Threshold  Limit  Values  for  L'S  Air  Force  use: 


TLV  (ppm) _ EEL  (ppa) 

_ KIN 


10 

-30 

60 

Carbon  Monoxide 

50 

1500 

800 

400 

Nitrogen  Dioxide 

5 

30 

20 

10 

Sulfur  Dioxide 

5 

30 

20 

10 

Ozone 

0.1 

— 

-T- 

Hydrogen  Chloride 

5 

30 

20 

10 

Hydrogen  Fluoride 

5 

20 

iO 

8 

JP',5  Fuel  4- 

Benzene  (Arena tic  Hydrocarbon) 

5 

5n*/l 

Sng/l 

_ 

If  nothing  else  is  gained  from  perusal  of  this  paper,  it  must  become  apparent  that  the  propulsion 
engineer  must  be  aware  of  the  rules  and  regulations  regarding  the  introduction  of  a  nev  chemical 
additive,  or  old  chemical  which  may  be  used  in  a  new  and  navel  way.  Into  the  inventory.  It  may  take  a 
great  deal  of  time, and  money  to  obtain  the  necessary  biological  data,  and  to  have  it  accepted  by 
governmental  authorities  charged  with  making  sure  it  will  have  little  effect  or  impact  on  the 
environment. 
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ROUND  TABLE  DISCUSSION 


On  Friday,  13  April  a  round  table  discussion  on  the  topic  of  aircraft  pollution  was 
conducted.  This  section  includes  only  those  comments  for  which  a  written  record  was 
provided  by  the  person  making  the  comment. 
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AJFERRI 


The  problem  of  pollution  due  to  aircraft  engines  presently  is  considered  to  be  important  for  two  conditions  of 
flight:  (I)  take-off  conditions;  and  (2)  high-altitude  supersonic  speed. 

The  first  part  of  the  problem,  in  my  opinion,  is  a  simpler  problem  to  be  r,olvrd  either  from  a  technicfi  or 
operational  point  of  view.  As  stated  dearly  during  the  meeting,  such  a  problem  could  immediately  be  reduced 
substantially  by  changing  operational  procedures,  without  the  ..^mediate  necessity  of  engine  redesign.  Unfortunately, 
this  approach  has  not  yet  been  considered,  and  as  often  nappens,  in  order  to  improve  conditions  legislature  is  intro¬ 
duced  that  requires  rapid  improvements  «,v.«igine  performances,  Because  of  the  time  limits  considered,  this  approach 
imposes  the  development  of  “fixes"  on  existing  engine  designs.  Such  “fixes”  are  difficult  to  find  and  often  solve  a 
problem  and  produce  another.  However,  the  problem  can  be  solved  in  new  engines  where  the  time  requir'd  for 
development  is  available  without  the  necessity  of  new  technology,  and  possibly  without  a  substantial  ini 
cost. 


The  second  part  of  the  problem  is  more  difficult  to  define  accurately;  even  the  magnitude  of  the  problem  has 
not  vet  been  dssessed.  The  problem  has  two  aspects:  (1)  one  is  related  to  the  physics  of  the  phenomena  taking 
place  in  the  stratosphere;  and  (2)  the  othei  related  to  the  consequences  u»  possible  depletion  of  ozone.  Recently 
Dr  Johnston  dearly  summarized  the  present  position  with  respect  to  the  ozone  depletion  by  stating  that:  “There 
is  strong  evidence  thar  nitrogen  oxide  from  SST  exhaust  could  seriously  reduce  stratospheric  ozone;  but  in  any 
case,  the  evidence  can  be  matched  by  a  possibility  that  the  SST  could  have  iiule  no  effect’’.  1  would  like  to 
qualify  this,  statement  by  adding  “when  flying  continuously  and  in  large  numbers”.  Even  if  the  effects  on  the  czone 
are  real,  presently  is  it  possible  to  estimate  the  actual  consequences  of  a  moderate  reduction  of  ozone  concentration 
within  the  framework  ofaH  the  other  changes  taking  place  at  the  same  time  in  the  atmosphere.  ,Ln  order  to  empha¬ 
size  this  point,  it  coutd  be  useful  to  recall,  for  example,  that  it  has  been  mentioned  at  this  meeting  (during  the 
discussion  by  a  meteorologist)  that  this  effect  could  be  beneficial  to  reduce  the  detriment!  effects  due  to  the 
gradual  increase  in  turbidity  of  the  air. 

A  quantitative  definition  of  these  two  aspects  is  extremely  complex  _nd  vdll  require  long  investigations.  The 
possibility  exists  that  no  clear  conclusion  will  be  reached  for  quite  some  jime.  Therefore,  the  alternate  possibility 
of  eliminating  the  problem  with  changes  in  engine  design  appears  important  for  acceptance  of  flight  in  the  strato¬ 
sphere.  Fortunately,  the  time  available  for  the  solution  of  this  problem  from  an  engine  design  point  of  view  is 
sufficiently  long  to  make  possible  a  systematic  effort  directed  to  large  reduction  of  NO  for  the  engine  exhaust. 

The  knowledge  of  basic  technology  is  in  hand  in  order  to  achieve  inch  goals.  Such  knowledge  indicates  that  the 
problem  can  be  solved,  or  at  least  substantially,  reduced,  by  development  of  a  burner  based  on  a  combustion 
mechanism  that  does  not  produce  regions  of  high  temperature  which  are  not  required  for  good  performance  of 
the  engine.  Then  a  technically  sound  approach  to  this  problem  consists  in  continuing  the  effort  to  define  the 
magnitude  of  the  problem  as  .accurately  as  possible,  and  at  the  same  time,  carrying  out  a  para' lei  effort  directed  to 
developing  engine  burners  designed  for  the  main  purpose  of  decreasing  NO  an  order  of  magnitude  without  penaliz¬ 
ing  the  performance.  1  am  confident  that  this  burner  design  can  be  developed  ir.  the  10  year  time  period  available 
to  industry. 

Any  discussion  on  the  acceptance  of  the  SSTs  on  the  basis  of  the  possibility  of  the  existence  of  the  pollution 
prooiem  alone,  as  carried  out  presently  by  some  groups,  is  unsound  and  not  justifiable,  and  is  justified  only  if  it  is 
considered  to  bt  an  effective  means  for  forcing  the  engine  designers  to  concentrate  their  efforts  on  solving  the 
problem  by  developing  in  time  the  required  technology,  and  introducing  this  new  technology  in  the  engine  used. 


A.B.WASSELL 
1.0  Introduction 

Despite  any  impression  that  may  have  been  given  by  some  speakers  from  this  ride  of  the  water,  the  European 
cero-cngir.e  industry  recognises  that  it  h3s  to  assist  in  developing  the  solutions  to  the  problem  of  pollution  by  air¬ 
craft  engines.  The  extent  of  this  problem,  however,  is  somewhat  conjectural  since  the  pollution  front  aircraft  Its* 
not  been  specifically  related  to  the  acceptable  air  quality  standard.  We  even  see  that  th-  standard  defined  as 
acceptable  on  either  ride  of  the  Atlantic  can  differ  by  a  factor  of  at  least  5.  h  addition  the  models  used  to 
predict  the  interaction  between  the  9irport  and  the  surrounding  community  .need  considerable  refining. 

Also  Uje  direct  control  of  aircraft  engine  emissions  by  combustor  design  modifications,  the  introduction  of 
ground  operational  procedures  to  reduce  emissions  and  the  control  of  emission*  from  ground  vehicles  servicing 
parked  aircraft  need  to  be  coordinated,  otherwise  the  finite  resources  available  for  the  development  of  emission 
control  techniques  will  no'  effect  the  derived  emission  reduction. 


\i->r 

^.0  The  Siting  of  Pollution  Goals 

It  has  been  stated  that  the  emission  controls  which  are  contemplated  arc  based  on  present  or  achievable,  tech* 
riology.  This  is  a  very  laudabl-  objective,  but  It  leaves  open  to  debate  what  is  achievable  and  what  Eye  scale  is; 
required  toachieve  it.  Two  sources  of  data  nr'  currently  available  on  which  to  base  this  forward  projection  of  . 
technology.:'  These  are  theoretic^  combustor  models  and  laboratory  experiments. 

2.]  CzmbusL,.  Models 

'  «n  technique  is  beginning  to  produce  some  very  interesting  results  which  will  obviously  form  the  basis  of 
futc  wk,  but  some  comments  are  In  order  here: 

(a)  the  reaction  rate  constants  need  regular  rcc  few  since  new  data  ire  continually  becoming  available  and  at 

present  it  appears. thar  mos,  researchers  have  their  own  favourite  values.  Some  agreed  standardization 
would  sce^  des&able.  <  -  .  r 

(b)  the  majority  of  models  have  concentrated  on  predicting  reactions  either  at  idle  or  at  take-off,  whereas  it 
■Js  essentia!  that  any  model  should  be  capable  of  predicting  with  reasonable  accuracy  at  least  one  species 
rredommating  at  idle  and  one  predominating  at  take-off  (e.g.  CO  plus  NO). 

(c)  to  date  mode  ,»  secni  to  r  av(r  been  designed  tc  fit  existing  set;  cf  data  rather  than  to  optimise  preferred 
configurations  before,  conn.-. ‘ting  tne  manufacture  of  "test'  hardware.  This  seems  to  demonstrate  an 
apparent  ark  of  faith  iii  the  woaeis  twit*:  the  possible  exception  of  the  Ford  Motor  Company  in  their 
recent  ASME  sper).  indeed  it  W2S  even  stated  during  the  week  that  “data  ...  are  analysed  and  shown 
to  be  in  reasonable  sgrcemcntTVith  the  predictions”  rather  than  vice  versa. 

2.2  Laboratory  Experiments  .  v 

^  r  ♦ 

It  would  be  considerably  move  helpful  if  all  data  could  be  presented  in  a  consistent  form  -  say,  always  using 
the  emission  index.  Apart  from  tills  adoption  of  this  procedure  two  other  points  are  considered  important: 

(a)  that  investigations  should  never  be  restricted  to  only  one  of  the  gaseous  pollutants,  this  will  ensure  that 
adequate  data  will  be  available  for  comparison  with  predictions  From  improved  modelling  techniques.  It 
will  also  indicate  either  the  extent  of  exuiange  rates  between  ooliutant  species  or  whether  a  significant 
advance  in  the  state-of-the-art  can  be  achieved. 

(b)  that  predictions  based  on  small  scale  laboratory  experiments  carded  out  at  unrealistic  levels  of  inlet 
temperature  and  pressure  arc  treated  with  caution,  as  they  deserve.  Through-flow  velocities  should  also 

r.  be  of.  representative  -values  and  not  changed  during  comparative  tasts. 

> 

3.0  Full  Scale  Concept  Evaluations 

Once  the  i-  '^al  laboratory  experiments  have  been  completed  succ  fully  at  realistic  conditions,  the  effect  of 
combustor  design .  ranges  on  the  other  important  combustion  parameters  must  be  considered.  Experimental 
evaluation  of  liner  tec  ,-*ratutes  over  the  whole  operating  range,  the  altitude  relighting  and  cold  starting,  character¬ 
istics  and  combustor  outlet  temperature  yaUem  factors  will  be  required,  before  the  development  of  the  final!; 
acceptably  ormp'-omise  for  engine  operation  can  begin. 

The  above  work  which. has  to  be  completed  before  any  in  service  evab.arion  can  start  indicates  why  Mr  Nelson 
stated  that  he  company  had  taken  8  year?  from  programme  go  thead  to  complete  the  retrofits  of  the  reduced 
smoke  JT8D  s  in  service  with  the  US  Airline  fleets.  This  is  an  example  of  a  reJatrvrly  small  redesign  bas.d  largely 
on  existing  technology,  when  initiated,  anti  demonstrates  the  reason  for  the  caution  adopted  by  the  industry  in 
relation  to  implementation  times  for  the  proposed  legislation. 

4.0  Total  Atmospheric  Pollution 

appears  that  two  problem  areas  for  aircraft  engine  pollution  have  been  identified  (viz.  local  to  the  airport 
and  abeve  the-  tropopause)  and  these  are  currently  treated  qrite  independently.  Since  the  higher  operational 
altitudes  no\¥  being  used -by  subsonic  aircraft  brings  them  w.utin  the  scope  of  C.I.A.P.,  it  is  suggested  that  an 
overall  pollution  assessment  be  made  to  ensure  that  standards  set  for  one  type  of  environment  do  n.ol  ensure  a 
consequent  increase  in.  pollution  in  the  other.  Viewed  from  an  overall  position,  this  type  of  solution  would  be 
highly  suspect  as  an  improvement  concept.  The  use  of  water  injection  to  cure  take  off  NQX  fearing  cruise.  NOx 
emtssorsat  at  unacctpffblo level -wouhl  be  an  example. 


„  D-3 

-.AddiiionaUy  the  thermodynamic  cyde  for  a  new  engine  should  be  chosen  on  the  basis  of  minimising  the 
pollution  over  the  to/d  flight  mission  rather  than  ar  any  particular  point  in, that  mission. 


J  J.MACFARLANE 

There  are.two  aspects  of  the  aircraft  emissions  control  problem  which  particularly  concern  the  National  Gas 
Turbine  Establishment.  Ti  c  atcond  of  these  >s  the  artificial  constraints  placed  on  engine  designers  by  the  proposed 
EPA  n4es  in  limiting  his  freedom  of  choice  -  for.  a  given  level  of  combustion  technological  expertise  -  in  selecting 
the  type  of  engine  cycle  to  be  used  for  a  particular  airframe  duty.  This  I  can  safely  leave  to  my  friend  and 
colleague  Hr  JrA.Lang  to  expand  for  you.  ’  ' 

1  w-culd  like  myself  ip  deal  with  an  equally  fundamental  limitation  of  tlse  EPA  proposed  rules  -  the  methods 
laid  down  ?t<*  emission*  sampling  and  analysis 

1.  Sf"uplu$.  pjotv  coign 

There  arc  wed  cavabUshed  techniques  which  have  been  in  use  on  combustion  test  rigs  for  25  years  or  more  in 
the  UK -which  permit.  ir  ;ly  representative  weighted  mean  sampIesvof  highly  stratified  exhaust  gas  streams  to  be 
obtained  easily.  These  are  based  on  water,  cooled  jnuiti-h ole  sampling  probes  in  which  the  main  area  restriction  is 
at  the  inlet  port  (the  diameter  for  Which,  in  common  usage,  is  in  the  region  of  0.020  to  G.030inch).  in  use,  the 
static  pressure  inthp-prebe-  manifold  fi.e.  downstream  of  the  sampling  ports)  is  made  equal  to  the  frep  "hseam 
statiopittsure  The  sample  flow  rate,  for  a  given  port  is  then  a  direction  function  of  fret  stream  local  dynamic 
head.  By  arranging  that  there  is  a  geometrically  adequate  coverage  of  the  exhaust  plane  by  ports  located  in  equal 
areas  of  the  traverse,  a  single^strearn  of  automatically  mass,  weighted  mean  sample  gas  is  obtained. 

?...  The  use  of  this  technique  implies  an  adequate  number  of  sample  ports  and  for  a  typical  present  day  large 
engine  exhaust  cross  section  (3  ft  v  in  diameter)  the  number  to  consider  is  in  the  range  JO  to  150  ports  rather  than 
the  10  or  12  mentioned  by  EPA. 

3.  The  technique  also  connotes  a  uniform  static  pressure  field  in  ai-  stream  being  sampled.  This  is  not  likely  .to 
obtain  at  the  0.5  diameter  disfanca  downstream  of  the  propelling  nozzle  required  by  EPA. 

4.  From  a  test  economy  point  of  view,  it  is  desirable  to  lake  gas  samples  for  emissions  measurement  during 
normal  engine  check-out  tests  and  for  this  purpose,  interference  with  thrust  measurement  must  be  avoided.  This 

.-also  connotes  a  sample  plane  farther  downstream  than  required  by  EPA.  ,  • 

5.  Onercan  find  very  little  with  which  to  quarrel  in  /he  methods  proposed  for  on  line  measurement  of  gaseous 
exhaust  constituents,  they  are,  after  all,  nenrud  commercially  available  experimental  techniques. 

6.  The  measurement  of  exhaust  smoke  however  is  a  very  different  case.  The  proposed  EPA  technique  can  be 
criticised  r:cm  a  number  of  points  of  view. 

(a)  .  It  is  seriously  proposed  by  the  EPA  that  engines  should  be  operated  for  a  persod  of  20  minutes  sieady 
running  (including  max  take-off  thrust!)  for  each  operating  RP24  being  examined,  iust  to  obtain  the 
smoke  sample.  - 

(fc)  'The  sampling  technique  deliberately  selects  a  filtration  medium  which  is  made  specifically  for  filtering 
'  coarse  gelatinous  precipitates  in  wet  chemical  analysis,  and  uses  this  to  filter  solids,  the  ultimate  particle 
size  cf  which  is  known  to  be  in  the  region  of  20  nanometers. 

(c)  The  filter-material  is  ordinary  cellulose  so  that,  having  nvtde  a,  reflectance  measurement,  there  is  no  direct 
means  for  calibrating  this  in  terms  of  mass  of  carbon  collected. 

(d)  I- went  to  come  trouble  to  draw*  the  attention  of  the  SAE  4!  committee,  (whose  brainchild  this  technique 
seems  to  be)  to  the  benefits  to  be  obtained  from  substituting  glass  fibre  filters  which,  hcii.g  of  adequately 
fine  porosity,  and  being  stable  to  heating  up  to  at  least  500'>C,.3rc  an  ideal  means  for  treasuring  mas* 
concentration  directly. 

(e)  There  is  no  doubt  that  for  routine  purposes,  some  form,  of  optical  density  smoke  nteasuremcnl  technique, 
cither  os  an  abstracted  sample  as  in  the  smoke  meter  dt^jjaic/hand  used  by  my  friend  Brian  Tocne  at 
Rolls-Royce  (1971)  Ltd,  or  by  a  development  which  involves  measurement  of  optical  density  of  the  whole 
exhaust  js:  at  a  suitable  point  downstream  of  the  exhaust  'ozzli  Tire  latter  technlquoTuS  been  described 
in  a  recent  technical  paper  einairatii^  from‘3  US  source  -  the  exact  reference  escapes  me. 


In  conclusion  Mr  Chairman,  in  my  opinion,  it  is  only  by  adopting  rapid  iechniques  of  this  kind  taking  only 
minutes  n  complete  analyses  of  a  given  exhaust  condition,  and  designed  to  avoid  interference  with  routine  engine 
performance  measurements,  that  we  shall  oe  able  to  collect  enough  information  covering  the  service  life  of  gas 
turbine  propulsion  engines. 


A.W.NELSQN 

There  is  no  doubt  that  certain  locai  areas  of  the  world  do  have  serious  air  pollution  problems.  However,  much 
of  the  remaining  areas  do  not  have  a  problem  because  of  natural  air  circulation  which  has  a  cleansing  action.  None 
of  us  would  argue  that  it  is  desirable  to  decrease  the  pollution  from  any  source.  Granted,  too,  that  the  best  incen¬ 
tive  for  getting  this  accomplished  is  through  regulatory  action.  But  such  regulations  must  be  both  practical  and 
economically  viable  and  commensurate  with  the  overall  contribution  of  the  source  to  the  affected  area  as  a  whole. 
Assessment  of  the  commercial  aircraft  pollution  contribution  has  not  yet  been  well  established. 

"  There  are  some  emissions  reductions  that  can  be  effected,  in  order  to  accomplish  the  greatest  reductions  of 
aircraft  turbojet  emissions,  new  combustor  concepts  are  required.  However  it  must  be  recognized  that  the  combustors 
in  today  s  commercial  aircraft  engines,  although  highly  refined,  are  basically  the  same  pressure  atomized  fuel  injection 
concept  used  in  the  original  jet  engine  dcsighs^and.  as  such,  have  a  vast  background  of  development  experience  which 
contributes  to.  the  excellent  safety  and  reliability  records  of  today’s  commercial  airlines. 

The  new  combustor  concepts  now  being  conskfemd  are  still  in  the  early  stages,  of  development,  that  of  rig 
testing.  Rig  tests  are,  of  course,  required  for  baric  rtaearcti,  but  these  results  must  be  kept  in  proper  prospective. 

Rig  rest,  ?sd  limited  engine  test  results.  hayeJndjcated  significant  reductions  in  CO  and  HC.  NOx  reductions  are 
alsp  indicated  by  such  testing  however,  hiiich  of  the*.  NOjj  i.hievemcnts  have  been  accomplished  using  different 
methods  than  those  used  loir  the  low  power  emissions.  I.ireracdo.ts  or  the  conflicts  of  these  different  methods 
have  hot  yei  been -thoroughly  defined. 

Those  of  us  who  are  associated  with  engine  development  are  well  acquainted  with  the  differences  that  often 
occur  between  rig  test  results  and  engine  test  results  of  similar  concepts.  We  must  also  test  and  develop  combustor 
operational  chniactcristics  over  the  entire  planned  flight  altitude  -  Mach  number  envelope,  inevitably  modifications 
are  encountered  which  may  effect  emission  levels 

Programs  are  underway,  both  in-heuse  and  under  government  sponsorship  to  minimize  exhaust  emissions  using 
new  combustor  concepts.  It  appears  st  present  that  approximately  3  years  are  required  to  reach  the  point  where 
these  new  concepts  can  be  properly  evaluated  in  engines.  Assuming  these  full  scale  engine  test  results  show  that 
emission  reductions,  at  of  near  the  goals  have  been  achieved,  it  characteristically  takes  a  minimum  of  4  to  5  years, 
oi  more,  for  a  new  engine  model  to  he  developed  incorporating  such  a  nev  combustor  concept  once  the  concept 
has  been  proven. 

Retrofit  of  in-use  engines  or  engines  already  in  manufacture  (certified)  statu-  with  new  (different)  combust  or 
concepts  is  expected  to  be  difficult  and  pvrhapo  require  complete  redesign  of  major  parts  cf  the  engine  and  as  well 
as  the  aircra!‘  ?ceiic  which  can  be  very  (if  not  prohibitively)  expensive.  The  ultimate  environmental  value  to  be 
gained  by  such  a  requirement  should  te  carefully  considered.  As  pointed  out  in  my  paper,  there  is  much  to  be 
done  to  improve  instrumentation  and  analysis  corrections  for  ambient  and  other  effects. 

On  the.aspcct  of  water  injection  for  ‘super”  control  of  N0X,  such  a  requirement  would  impose  both  economic 
and  potential  safety  penalties  on  the  airline  operators  and  the  traveling  public.  Also,  it  would  appear  that  little,  if 
any,  real  wors  has  been  done  to  evaluate  the  effect  of  water  injection  on  emission  levels  for  the  premix,  pre- 
vaporizmg  and  other  new  concepts  now  being  considered  .for  emission  reduction.  It  has  been  proposed  at  this 
mceung  that  if  one  is  able  to  prevaporize  and  premix  at  the  overall  fuel/air  ratio,  and  bunt  to  completion,  very 
lew  values  of  N0X  will  be  achieved.  In  fact  combustion  mut  be  forced  to  occur  at  lean  mixtures  if  significant 
N0X  reductions  arc  to  be  achieved.  There  are  however  strong  reasons  in  the  form  of  physical  limitations  why 
prevaporized,  premixed  combustion  at  tire  overall  iuel/air  ratio  dots  not  offer  a  realistic  solution  for  low  pollution 
combustors.  This  is  not  simply  a  development  problem  because: 

( 1 )  there  is  an  order  of  magnitude  increase  in  burning  time  required  to  get  high  efficiency  (i.e.  low  CO  and 
HC); 

(2)  the  real  probability  of  prcr.iix  passage  self-ignition; 

(3)  the  pilot  burner  wBl  contribute  strongly  to  N0X  levels; 

*4)  air  is  needed  frw  liner  cool**«g  and  temperature  pattern  adjustment. 
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The  operational  requirements  mentioned  earlier  also  further  complicate  these  limitations. 

To  conclude  then,  we  can  say  that  we  are  actively-working  both  to  research  and  develop  low  emission  corn 'castor 
techniques  and  concepts,  but  let  usbe.  realistic  about  what  can  be  practically  achieved  together  with  consideration  of 
the  necessary  long  lead  .times  required  to  translate  resulting  new  technology,  both  safely  and  economically  into  engines 
which  will  most  usefully  benefit  the  public  as  , a  whole. 


A.QUILLEVERE 

Nous  admettons  qu*tm  effort  important  de  reduction  de  la  pollution  peut  etre  fait,  mais  nous  sommes  persuades, 
comn.e  font  soulignfi  dans  leurs  declarations  A.W.Nelson  (Pratt  and  Whitney  Aircraft)  et  G.Kappler  (ni.T.U.),  que 
-cet,  effort  denianderait  beaucoup  de  temps  et  d’argent  !1  he  faut  pas  perdre  de  vue,  en  effet,  que  la.ihise.au  point 
d’unc  chambr?  de  combustion  fiable,  de  longue  durde  de  vie  et  conyenant  a  un  moteur  de  performances  dlev&s  est 
ddja  un  probleme  difficile  doiit  la  solution  rfsulte  d’une  longue  experience. 

II  convient,  cependant,  de  noter  que  les  recherches  et  les  essais  partiels  Drtliminaires  qui  sont  indispensable:; 
pour  valider  de  ncuveljes  formules  anif  pollution,  he  devraient  pas  se  solder  par  des  d£penses  inutiles.  En  effet, 
menu:  si  les  objectifs  de  reduction  de  la  pollution  se  r£v£laient,  par  la  suite,  excessifs,  les  jdsultats  obtenus  pennet- 
traient  d’approfondir  les  cor.naissances  des  processus  de  combustion,  ce  qui  est  souhaitabte  pour  reduire  !e  collides 
mises  au  point  --s 

Une  diminution  importante  de  remission  de  tous  les  polluants,  au  sol  et  en  altitude,  exige  l’emploi  de  nouvejles 
technologies  dites  avanc^es  (injection  etagie,  giomitrie  variable  etc.  . . .).  La  meilleurc  solution  ne  pouvanf  etre  ~ 
qu’un  compromb,  il  importe  de  ne  pas  metric  en  applicarion  des  rdglementations  arbitrairement  reveres  et  de  bien 
difinir.  les  prioritis  dans  la  rMuction  des  divers  polluants  en  envisageant  i’enscmble  d;t  probleme  au  sol  et  en 
V  altitude. 

Pratiquement,  nous  pensons  qu’il  faut  diterminer,  par  des.  essais  de  principe  representatifs,  les  possibility 
extremes  de  reduction  des  polluants  (ce  qus  n'est  pas  encore  fait)  et  digager  des  moyens  financiers  coinplementaim 
pour  que  les  constructeurs  puissent  verifier  par  des  essais  sur  mpteur  la  faisabiliti  des  solutions  digagies. 

Nous  terminerons  cette  diclaration  par  des  remarques  plus  oarticuliires. 

Dans  Iss  communications  prisenides,  diverges  mithodes  ont  ite  proposics  pour  rdduire  remission  soii  de 
foxyde  de  carbone  et  des  hydrocarbures,  soit  des  cxydes  d’azote,  mais  tris  souvent  ces  mithodes  ne  peuvent  ?trc 
appliquies  simultaniment  et  les  repercussions  sur  le  reiroidissement  des  parois  de  la  chambre  ou  sur  la  repartition 
des  temperatures  &  l’entrie  de  la  turbine  ne  sont  pas  toujours  considiries. 

Enfitt,  nous  avon?  noti  un  sujet  &  controverses:  est-il  possible  o’enyisager,  pour  diminuer  Vimission  des  oxydes 
de  1’pxote,  d’enyisager  une  combustion  en  rreinelange  uniforme  a  richcssc  pauvre?  Certains  le  penseni,  d’autres  se 
posent  des  questions  concemant  les  nlveaux  de  rendement  d’ur.  tel  procedi  ou  ces  poscibrlitis  rcelles  duplication. 


G.KAPPLER 

We  don’t  argue  about  the  fact  that  the  air  is  polluted  from  mans  sources  and  that  the  reduction  of  a;r  pollu¬ 
tion  is  a  vital  necessity.  We  are  also  aware  that  the  gas  turbine,,  by  burning  fossil  fuel,  is  a  contributor  to  pollution 
although  a  very  small  contributor.  Since  for  commercial  reasons  the  design  of  combustors  is  anvwray  going  toward 
complete  combustion  the  pollutants  from  engine  exhausts  will  be  reluctantly  diminished.  Although  for  CO  and  NO 
ruction  aiSerent  approaches  most  bertaken  a  compromise  is  feasible  and  smoke  is  perhaps  no  longer  a  problem. 
We  think  therefore,  that  imposing  standards  is  not.  the  efficiency  way  to  feduce  air  pollution  especially  hot  if  the 
impact  of  the  pollutants  on  the  ecology  is  not  well  known. 

We  think,  on  the  other  hand,  that  standards  are  necessary  and  should  be  established  keeping  In  mind  the  job 
the  engine  is  supposed  to  do.  It  is  strongly  fdt  that  if  stringent  standards  are  imposed,  the  combustor  designer  has 
to;  concede  becasise  tiiere  is  no  way  of  designing  a  combustor  chamber  for  high  power,  very  high  combustion 
efficiency,  good  temperature  distribution  and  no  NO  and  CO  emhtion  at  very  low  costs.  We  have  therefore  con¬ 
centrated  our  activity  on  improving  fi’fct  the  emission  levels  at  idle,  when  the  airerafCis  on  the  ground  raid  second 
on  . ground  -transportation  sang  gw  turfewss,  because  gas  turbines  msy  become  a  challenger  of  dic$aJ  engines  for 
heavy  vehicles. 


To  sum  up,  we  arc  in  full  agreement  with  the  trend  to  reduce  air  pollution  and  have  started  work  on  our  own 
and  on  the  European  »cale.  However,  We  have  strong  feelings  against  any  severe  imposed  standards  when  their 
ultimate  necessity  is  not  proved  and  their  ecological  impact  is  small  against  other  sources,  when  these  requirements 
for  the  engine  combustor  design  result  in  enormous  costs  with  today's  technology. 


R.ROBERTS 

With  regar  *  to  aircraft  safety  and  the  impact  of  rapid  cltange  over  to  new  or  unique  combustor  designs,  all 
current  engines  and  those  scheduled  for  introduction  in  the  near  future  employ  burners  which  are  extrapolations 
of  existing  designs.  The  wide  experience  w:*h  this  type  of  burner,  and  the  certain  knowledge  of  its  behavior, 
contribute  to  the  safety  rccc  i  which  has  b<..n  a  hallmark  of  the  aircraft  gas  turbine  industry.  If  unconventional 
designs,  such  as  premixed. burners  as  have  been  widely  discussed  at  this  meeting,  are  to  be  employed,  extreme  care 
will  have  to  be  taken  to  ensure,  ‘hat  considerations  of  operational  safety  are  not  compromised.  This  will  be  made 
difficult  by  the  lack  of  a  body  of  experience  gained  over  a  long  (lister/  of  operations. 


AJC.FORNEY 

.  Comment  on  a  comment  by  Professor  Fern: 

Information  available  to  the  US  C.I.A.P.  Program  that  is  supported  by  published  papers  of  John  Leach  and  his 
associates  of  the  British  Aircraft  Corporation  indicates  that  there  is  today  a  significant  amount  of  flying  by  the 
subsonic  jets  in  the  stratosphere.  Therefore,  if  the  nitrogen  oxides  produced  by  engine',  prove  to  be  a  problem, 
that  problem  wlli  not  wait  until  supersonic  aircraft  are  flying  in  quantities. 


J  .DUNHAM 

It  has  been  pointed  out  that  numerous  subsonic  jets  operate  currently  ar  sufficient  nigh  altitude  to  have  some 
potential  influence  on  stratospheric  ozone.  Have  the  various  models  of  ozone  depletion  been  applied  to  predict 
their  effect,  and  if  they  ate  what  answer  will  they  give? 

How  could  the  large  fleet  of  subsonic  aircraft  be  introduced  as  an  NO*  source  in  models  like  Hesstvedt’s? 


EHESSTVEDT 

Subsonic  aircraft  sometimes  fly  in  the  troposphere',  sometimes  in  the  stratosphere.  The  tropopause  flr-t  nates 
at  a  given  ialitude.  The  omissions  of  NOx  can  therefore  not  readily  be  introduced  in  two-dimensional  models.  Three 
dimensional  models  would  solve  the  problem.  But  approximations  of  the  effect  of  subsonic  transport  in  the  strato¬ 
sphere  could  be  obtained  even  from  two-dimensional  models  if  flight  levels  were  given  relative  to  the  tropopause 
rather  than  in  absolute  altitude. 

My  model  indicates  that  ajimited  fleet  of  SSTs,  not  flying  too  high,  would  have  a  small  influence  on  the 
ozone  layer.  I  must,  however,  warn  against  the  conclusion  which  has  obviously  been  drawn  by  this  audience,  that 
a  small  effect  isno  effect.  Apart  from  the  instantaneous  effect  on  life  we  also  have  to  consider  the  possibility  of 
a  long  term,  cumulative,  effect  This  we  know  very  little  about. 


S.A.MOSIER 

With  respect  to  Praf.Fcni’s  comment  reg.  ’ing  the  increase  in  income  tax  or  other  public  tax  to  accommodate 
modifications  regarding  means  for  reducing  pollution  by  operational  procedures  at  airports,  1  suggest  that  this  can  be 
handled  in  the  same  manner  in  which  March  procedures  an.  handled  at  many  American  airports.  By  law,  each 
passenger  boarding  an  aircraft  in  the  USA  must  be  searched.  However,  only  the  passenger  boarding  is  assessed  a  fee. 
The  yser  pays  for  what  service  he  receives.  Whatevct  procedures  are  implemented  to  accommodate  airport  problems 
.jhouidberimplypwd  for.  by  auport  users.  No  increase  in  public  taxation  is  necessary. 
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J.A.LANG 

My.  comments  concern  the  pioblems  of  applying  legislation  to  a  problem  as  complex  as  aero-engine  emissions. 
Forexample,  the  present  SPA  proposals  favour  the  high  bypass  ratio  turbo  fan,  since  the  emissions  parameter  is 
essentially,  the  product  of  emissions  index  and  specific  fuel  consumption.  No  account  is  taken,  however,  of  the 
aircraft  mission  objectives.  It  seems  to  me  that,  by  biassing  the  engine/airframe  optimisation  procedure  to  meet  a 
given  set  of  emission  Jsquircments,  the  resultant  system  could  be  far  from  optimum  for  the  mission  as  a  whole. 

U  is  hot  inconceivable  that  under  these  circumstances  the  overall  mission  pollution  could  be  increased. 


A.GOLDPURG 

It.has  always  seemed  to  me  that  the  richness  of  the  observational  phenomena  of  ozone,  specially  with  respect 
to  its  time  dependent  qualities,  make  it  inappropriate  to  nttempt  to  understand  it  in  depth  from  basically  steady 
state  equilibrium  theories.  Attempts  to  explain  perturbations  to  ozone  must  in  the  end  give  way  to  theories  which 
have  their  crigins  in  time  dependent  phenomena.  Such  an  approach,  as  an  example,  is  that  of  H.C.WilIet  of  M.I.T. 
which  he  leported  in  fThe  Seasonal  tlianges  of  Temperature  and  0*  in  the  Arctic  and  Antarctic  Stratosphere”, 

Jr,  Atmos.  ScL,  May  1968,  34! — 360.  In  this  article  Wfilet  treats  the  annual  regimes  of  temperature  in  the  Arctic 
and  Antarctic  stratospheres  with  special  reference  to  the  sporadic  winter  warmings  of  the  Arctic  and  the  explosive 
spring  warming  of  the  Antarctic  stratospheres.  There  follows  a  discussion  of  the  inadequacy  of  the  usual  advective- 
dynamic  explanation,  at  least  in  terms  of  any  model  presented  to  date,  (1968)  to  account  quantitatively  for  any  of 
these  phenomena  in  their  mere  extreme  manifestations.  The  seasonal  regimes  of  total  atmospheric  ozone  in  the 
Arctic  and  Antarctic  are  likewise  contrasted  again  with  special  reference  to  the  differing  thermal  regimes  and  sudden 
stratospheric  warmings.  Trie  strong  annual  period  of  auroral  frequencies  are  discussed  in  relation  to  the  Arctic  and 
Antarctic  thermal  regimes,  as  is  the  relationship  of  ridden  stratospheric  warmings  to  auroral  and  solar  activity. 

Finally,  variability  of  the  solar  wind,  i.e.,  the  solar  corpuscular  penetration  of  the  higher  atmosphere,  is  tenta¬ 
tively  suggested  as  a  possible  alternative  explanation  tc.  the  advsctivt-dynamiw  hypothesis  to  account  for  the 
variation,  shared  in  common,  of  the  Polar  temperature,  ozone  and  auroral  activity. 


M.WHITTAXER 

Present  estimates  of  growth  in  air  traffic  seem  to  ignore  the  rapidly  changing  world  fuel  Ripply  situations  ar.d 
the  effect  thii.  will  have  upon  price.  Would  anyone  making  these  type  of  predictions  care  to  comment. 


A.K.FORNEY 

The  traffic  predictions  10  be  made  as  part  o!  the  C.i.A.P.  Program  include  all  the  factors,  and  many  others 
also,  brought  up  by  Mr  Whittaker.  These  factors  include  fuel  costs,  alternate  fuels,  as  well  as  many  otheis. 


RJE.HUIE 

I  would  like  to  point  out  that  the  stratospheric  modvis  presently  used  are  not  highly  accurate  A  change  in 
the  ozone  concentration  predicted  by -these  models  is  more  an  indication  of  the  direction  of  change,  not  the 
magnitude.  Therefore,  if  a  model  predicts  a  few  per  cent  reduction,  this  should  be  considered  important,  and  it 
should  be  realized  that  the  actual  reduction  could  be  much  larger  or  much  smaller. 

Someone  commented  earlier  that  the  technological  solution  to  environmental  prob!ems„v'outd  not  improve-  the 
standard  of  living,  al  least  3s  measured  by  the  Gross  Nation?!  Product,  They  will,  how imp-o^e  the'  quality  of 
life,  which  is  more  important,  /'  <£■• ' 


SUMMARY 
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AJFERRf 

The  main  topics  discussed  were  the  following: 

I.  Pollution  around  and  at  ihe  airports 

Several  objections  have  been  directed  toward  the  tendency  of  trying  to  solve  the  problem  by  imposing  standards 
on  the  airplane  engines,  it  was  the  consensus  that  a  different  approach,  where  changes  in  operational  procedures  ate 
introduced,  could  go  a  long  way  in  solving  the  problem  without  the  requirement  for  engine  retrofitting  that  would 
increase  the  cost  of  transportation. 


2.  Knowledge  of  atmospheric  phenomena 


Substantial  discissions  have  taken  place  on  the  possible  effects  of  an  increase  in  NOx  concentration  on  the 
upper  atmosphere.  No  basic  conclusions  can  be  reacned  from  the  discussions.  The  following  important  information 
was  presented: 

fa)  Recent  preliminary  measurements  of  NOx  concentration  in  the  upper  atmosphere  do  not  agree  *it h 
predictions. 


(b)  Substantial  disagreement  exists  among  scientists  interested  in  the  problem  on  the  interpretation  of  available 
data. 


(c)  The  present  program  of  Climatic  Impact  Assessment  Program  (C.l.A.P.)  is  in  the  process  of  reducing,  or 
eliminating  many  of  the  disagreements  by  making  available  results  of  crucial  experiments. 


3.  Engine  pollution  in  the  upper  atmosphere 

It  is  accepted  that  the  level  of  NOx  prod1  teed  by  the  present  generation  of  engines  can  be  substantially  reduced. 
The-  amount  of  decrease  predicted  varies  substantially  from  group  to  group;  however,  the  decrease  will  be  substantial 
even  if  only  the  lower  limit  predicted  is  realized. 
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